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ABSTRACT 
A survey of possible LOCA (Loss-of-Coolant Accident) 
initiating events that might take place for CANDU-PHWRs 
(Canadian Deuterium Uranium-Pressurized Heavy Water Reactors) 
has been conducted covering both direct and indirect initia-
tors . Among the 22 initiating events that were surveyed in 
this study, four direct initiators have been selected and 
analyzed briefly . Those selected were a pump suction piping 
break, an isolation valve piping break, a bleed valve failure, 
and a fueling machine interface failure. These were selected 
as examples of failures that could take place in the inlet 
side, outlet side, or PHTS (Primary Heat Transport System) 
interfaces . The Pickering NGS (Unit-A) was used for this 
case study. 
A postulated mechanical failure of the fueling machine 
during the fueling process was studied in detail, considering 
the effect of the location of the pressure tube under fueling , 
At certain levels of a small-size LOCA that may be caused 
by failure of the fueling machine, the ECCS (Emergency Core 
Cooling System) injection may be needed to cool down the 
core . The availability of the ECCS as a long term safety 
backup system following the LOCA occurrence . was analyzed , 
Fault Tree Analysis methodology was used to assess the 
xii 
occurrence probability of the fueling machine failure, and 
also the unavailability of the ECCS. The PREP and KITT 
computer codes were used to estimate the failure probabilities . 
From these computations, the failure probability of the fuel-
ing machine interface is estimated as 1 . 08 x 10- 5 . and the 
unavailability of the ECCS is 3 . 63 x 10-3 . 
The entire system interaction following the fueling 
machine failure was examined . The accident seouences resulting 
from partial failure of the safety systems were predicted 
using the event tree technique . 
Double failure (failure of the protective devices to 
operate when the process equipment fault occurs) and a triple 
failure (failure of the protective devices and the ECCS as 
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1 . INTRODUCTION AND BACKGROUND 
1 . 1. Ob.i ec tives 
The objective of this study is to evaluate some safety 
features of CAUDU-PHWRs (Canadian Deuterium Uranium- Pressur-
ized Heavy Water Reactors). This was done by evaluating the 
impacts of refueling machine failures on the reactor per -
foTIJlance and by assessing the availability of backup systems 
such as the ECCS (Emergency Core Cooling System) following 
F M/C (Fueling Machine) failures, that could cause a small-
size LOCA (Loss-of-Coolant Accident). A survey of most of the 
LOCA's initiatin~ events has been conducted, covering both 
direct and indirect initiators. Among the 22 initiating 
events that were surveyed in this study, four direct initi-
ating events have been selected and analyzed briefly. These 
were selected as a sample of many similar accidents that 
could take place in the inlet side, outlet side, and PHTS 
(Primary Heat Transport System) interfaces, or fueling ~achine 
interface. 
The postulated mechanical failure of the fueling Tiachine 
during the fueling process was studied in much detail, con-
sidering the sequences of such failures . Fueling of different 
coolant channels, ioined with an F M/C failure, could have 
different consequences, according to the location of the 
pre ssure tube unde r fueling . 
At a certain level of LOCA that may be caused by the 
F M/C failure, the ECG~ may be needed to cool down the core. 
The ECCS activation, considering "how and when", were studied. 
The availability of the ECCS as a long term safety backup 
system following the LOCA occurrence, was analyzed and 
calculated. 
The Fault Tree Analysis (FTA) methodology was used to 
assess the occurrence probability of the F M/C failure, and 
also the unavailability of the ECCS. The PREP and KIT~ com-
puter codes were used to estimate the probabilities of oc-
currence of the top events . From these computations, the 
failure probability of the F MIC and the unavailability of 
the ECCS were obtained respectively . 
In Chapter 2, a review is made for some of the available 
safety-related literature of CANDU-PHWR. The literature 
review covers the safety, the LOCA, the fueling machine, and 
the emergency core cooling system. 
A survey of LOCAs in CAHDU-PHWR is presented in Chapter 
3. Some direct and indirect postulated initiating events are 
discussed together with their expected sequences and the 
safety systems' response. 
In Chaoter 4, the analysis of fueling machine failures 
is described . Different types of failures are considered 
according to the different locations of the pressure tubes 
3 
that are under fueling at the time of a F M/C mechanical 
failure. Sequence of such failures are discussed, and assess-
ments for the safety systems that need to be activated are 
reached. A fault tree of mechanical failures of a F M/C 
causing a small-size LOCA as a top event was constructed. 
In Chapter 5, the availability of the ECCS immediately 
after a F M/C failure causing a small LOCA, is evaluated, 
Fault trees are then used to estimate numerically the unavaila-
bility of the ECCS following the accident occurrence. 
An application of the PREP and KITT codes, to calculate 
the failure probability and the unavailability of the svste~s 
under study, is presented in Chapter 6 . The failure rates 
and repair times of the primary components of the trees, as 
innut data for the first code, were obtained from many sources 
and verified. 
Finally, conclusions are drawn, and reconnnendations are 
given in Chapter 7. 
1.2. Background on CANDU Reactors 
The Pickering Nuclear Generating Station (Pickering NGS) 
consists of four 508 MW reactors, four turbine generators and 
associated equipment and services and facilities yielding 
a total net outnut of 2032 }fl~. The heat transport system of 
CANDU-PHWR is shown in Figure 1 . 1 . The station is arranged 




















































































































































































































































































































































































































so as to form a syrmnetrical arrangement near the common service 
area and administration building. Pickering unit -A is used as 
the case study. The heat in the heavy water coolant of each 
reactor is transferred through 12 boilers (steam generators) 
to a steam circuit, serving one turbine - generator. Among the 
main characteristics of the CANDU - PHTvVR are the use of: 
o Horizontal pressure tubes in the core region 
o D20 moderator (cold) 
o Pressurized (~1300 psia) D20 coolant 
o Natural uranium fuel 
o On-load fueling machines 
o Large "Vacuum Building" multi-unit containment 
Table 1.1 gives some of the important parameters of 
existing CANDU systems in Canada. For a more detailed de-
scription of the CANDU reactors, refer to the literature (2-10) 
and to Appendix A. The Primary Heat Transport System (PHTS) 
consists of two loons, each serving one half of the reactor 
core. The major components of the PHTS are: 390 reactor 
fuel channels, 12 vertical boilers, 16 pumps, 4 Reactor Inlet 
Headers (RIHs), 4 Reactor Outlet Headers (ROHs), one electri-
cally heated bleed condenser, and all necessary interconnecting 
piping and valves. 
The reactor consists of a cylindrical stainless steel 
calandria structure, which contains a heavy water moderator, 
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Table 1.1. List of some parameters of operating CANDU-PHWR 
power reactors (11,12,13,14) 
Net output (MWe) 
Number of channels 
Core length (cm) 
Fuel inventory 
(MgU) 






Number of pumps 
Number of boilers 
Number of valves 
Station efficiency 
(%) 
ID of calandria (cm) 
Date critical, year 
Diameter of oressure 
tube (cm) · 






































29 . 8 
846 






















aThe amount of electricity produced as a percentage of 
the theoretical maximum (for 1977) 
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reactivity control mechanisms, and the fuel channels. The 
heavy water in the moderator system is circulated by five 
vertically-mounted pumps each having a rated flow of 3,000 
Imperial gallon per minute (Igpm), and cooled by two 
horizontallv mounteg heat exchangers. 
The safety systems of the CANDU - PHWR are independent in 
operation and free from connection with any of the process 
systems . Two shutdown systems are used, each of which is 
physically and functionally separated from the other, and each 
has an unavailability of less than eight hours per year (15, 
16) . The safety system of Pickering NGS consists of two 
separate groups(l7). Safety group one system mainly contains: 
o Shutdown System No. 1 (SDSl). The primary method 
of quickly terminating reactor operation when 
certain parameters enter an unacceptable range is 
the release of 11 gravity - drop shut - off rods . The 
SDSl employs an independent triplicated logic 
system which senses the requirement for the re-
actor trip, and de-energizes the direct current 
clutches to release the shut-off rods (2,18). 
o Emergency core cooling system (ECCS) . The emergen-
cy cooling of the fuel channels in a reactor is 
provided for in the event of a hypothetical LOCA. 
The ECCS is capable of injecting an independent 
8 
supply of cooling water into the reactor PHTS . 
The heavy water from the moderator system can be 
used to supply the reactor's headers by the re -
quired emergency injection after the system be -
comes depressurized (19,20). 
Safety group two systems mainly consist of: 
o Shutdown System No. 2 (SDS2). The moderator dump 
system provides another method (slow) of shutting 
the reactor down. If the shut-off rods fail to 
shutdown the reactor at the required rate, the 
moderator will be dumped to the dump tank from 
the calandria (2) . Some comparisons between 
shutdown systems No. 1 and No. 2 are presented 
in Appendix A. 
o Containment System (CS). The contain~ent system 
is basically an envelope around the nuclear com-
ponents of the reactor coolant systems. The 
failure of these components could result in the 
release of a significant amount of radioactivity 
to the public. The CS that is used in Pickering 
NGS is a negative pressure-multiunit containment . 
It consists of the reactor building, the vacuum 
building, the relief duct, and the vacuum duct of 
the pressure relief system (20,21) . The arrange-
ment of the structures is shown in Appendix A . 
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2. LITERATURE REVIEW 
Van Ern (8) carried out a study sponsored by the 
United States Nuclear Regulatory Connnission (USNRC) to evalu-
ate the licensing aspects of the CANDU - PHWR nuclear power 
plant. The primary objective of this study was to identify 
and evaluate those licensing aspects that would be associated 
with the siting in the U.S. of CANDU - PHWR power plants, in 
view of the current USNRC requirements . In this study, no 
independent safety analyses were performed and no independent 
evaluation was made regarding the data base supporting the 
safety analyses. The conclusions drawn in this report are, 
therefore, to the extent that they depend on safety analyses, 
based solely on the results of analyses performed by the 
Atomic Energy of Canada Limited (AECL), the designer of 
CANDU-PHWR nuclear power plants . 
Irvine and Milicev (22) evaluated descriptively 
the risk to the public heal t h due to exposure to ionizing 
radia tion in the event of failure or malfunction in a nucl ear 
plant . Two parameters have been used ; one is the frequency 
of occurrence of t h e even t and the other is the cons equence 
of t he even t. 
of the two. 
Risk, i n a numer ical s ense , i s the produc t 
To limit t he risk , one must limit the frequenc y 
of occurr ence, or t he con s equence , or both. The present 
approach in the assessment of risk due to nuclear gen er ating 
10 
stations in Canada has resulted in pressure to allocate 
resources to reduce the consequences of postulated occurrences, 
even though these are extremely unlikely. 
The Atomic Energy Control Board (AECB) (1978) proposed 
many requirements to limit the risk to the public in the 
event of failure or malfunction of the plant processes. The 
report of the inter-organizational working group of AECB (23) 
requires that the design of a nuclear power plant include 
the following Special Safety Systems: 
a) two independent and diverse means for rapidly 
stopping the nuclear reaction, 
b) a method for cooling the nuclear fuel in the event 
that the normal coolant system pressure boundary 
is breached, and 
c) a method for containing any radioactive substances 
that may be released from the process systems. 
They required also that the special safety systems should be 
designed to have an unavailability of 10-3 or less, and should 
be provided with adequate means to verify that this level of 
unavailability is not being exceeded. The limiting failure 
which is studied in detail is a major piping failure in the 
primary heat transport circuit . The hypothetical extreme 
failure is a rupture of the largest pipe in the system . Such 
a failure sets the requirements for all special safety 
11 
systems. Morison (16) analyzed the Loss-of-Coolant Accident 
(LOCA) and the consequences compared to release limits (with 
safety systems available and unavailable) to demonstrate the 
degree of defense-in-depth. 
Laurence (24) discussed in detail the safety consider-
ations for the CANDU reactor, dividing the plant into three 
parts: the process equipment, the protective devices which 
directly or indirectly prevent damage to the fuel, and the 
containment provisions which prevent the escape of fission 
products from the building . With the plant thus divided for 
safety considerations into three parts, there are three kinds 
of accidents to consider. Class 1 accidents involve the 
process equipment only, where the fault occurs in the process 
equipment when there are no defects in the protective and 
containment systems that would prevent them from operating as 
they should. Class 2 accidents are double failures; the pro-
tective devices fail to operate when the process equipment 
fault occurs . Class 3 accidents are triple failures involving 
protection and containment as well as the process equipment. 
Class 2 accidents are more serious but less frequent than 
class 1. A class 3 accident may be very serious, but is very 
improbable. 
Common mode incidents such as missile damage (turbine 
missiles, aircraft), fires (turbine-generator , cables), and 
12 
earthquakes have been discussed by Webb (25). Damage caused 
by such incidents shall be limited such that the following 
functions can be carried out: 
1. Shutdown the reactor. 
2. Maintain cooling on the fuel . 
3. Provide suitable monitoring of the reactor status . 
Rogers (26) has developed a rnodel which nernits 
a detailed analysis of the transient thermal behavior of the 
fuel elements and pressure tubes following a LOCA with delayed 
ECCS flow. It was found that even if the ECCS flow is not pro-
vided to a CANDU reactor following a LOCA, it is unlikely 
that the fuel pellets will melt. The analysis was done for 
the ECCS of the Bruce reactor, at the end-of-blowdown (EOB) 
following critical LOCA, of 25% area of the inlet header 
break. He found that sheath melting will probably begin on 
the center elements about three minutes after the EOB. The 
outer portions of the sheaths on the outer fuel ring will 
probably not melt. 
Ross-Ross et al. (27) have investi?,ated the first 
Canadian experience with pressure tube cracking in the Picker-
ing NGS reactors. In 1974, Pickering Unit 3 was shut down 
for a period of 8 months because of cracks in 17 of the 390 
pressure tubes . It was found that the cracks were a result 
of incorrect installation procedures during construction . 
13 
Two identical fueling machines are provided in the Picker-
ing NGS, one at each face of the reactor. Erwin et al. 
(28) have described the fueling machine function, and the 
advantages resulting from the use of flow assisted refueling 
in the CANDU-type reactors. 
14 
3. SURVEY OF LOCA IN CANDU-PHWR 
3.1. Introduction 
A loss-of-coolant accident (LOCA) could result in a 
CANDU-PHWR whenever the primary heat transport system (PHTS) 
or its interfaces experience an opening or a break large 
enough so that the coolant quantity in the system cannot be 
maintained by the normal operating make-up system. In this 
case, the heat generated in the fuel might exceed the rate 
of heat that could be removed, which might result in fuel 
overheating. 
There are several ways by which a LOCA could be initi-
ated. The most connnonly considered initiating event would be 
a break in the PHTS piping. Piping breaks that could cause 
a LOCA range in size from about a one-inch diameter hole up 
to a severance of one of the headers (16 inches in diameter). 
As a comparison, the range for LOCA sizes in the LWR is be-
tween half an inch and about 30 inches (29). 
Practical and realistic physical mechanisms by which a 
double-ended (or guillotine) pipe break can be induced are of 
extremely low probability of occurrence . It might be postu-
lated that such a break could result from an earthquake if 
the piping system is not designed to meet the forces that are 
g enerated from the DBE (design-basis earthquake) expected at 
the reactor site (30) . 
15 
Loss of coolant accidents (LOCA) in light water reactors 
(LWR) have been addressed in WASH-1400 wherein LOCA sizes, 
locations, and sequences have been analyzed. In this chapter, 
the intention is to conduct a survey of most of the initiating 
events that could cause a LOCA for CA.NDU-PHWR, and then select 
one which is unique to the CANDU reactor and study it care-
fully to assess event sequences and the failure probabilities 
of subsystems affected by these sequences. In the present 
case, Pickering-A is selected as representive for the CANDU-
PHWRs. However, the results are of generic nature and could 
be applicable to CANDU-type plants of similar designs. 
3.2. Types of Loss of Coolant Accidents 
Loss of coolant accidents (LOCAs) in a CANDU-PHWR may be 
divided according to their locations, that is, whether the 
pipe break leading to the LOCA occurs outside or inside the 
core region or in the Primary Heat Transport System (PHTS) 
interfaces. 
I. LOCAs outside the core 
The initiating events that may take place outside the 
core can be divided into two types, according to their lo-
cation with resoect to the coolant flow (symbolized by As, Bs, 
and Cs). 
16 
A. LOCAs in the inlet side The initiator for such 
LOCAs can be limited to the following piping breaks whose 
locations are identified in Figure 3 . 1. 
1. Inlet header break (Al) 
2. Pump outlet pipe break (A2) 
3. Pump suction piping break (A3) 
4. Inlet feeder pipes rupture (A4) 
B. LOCAs in the outlet side The initiator for such 
LOCAs can be limited to the following piping breaks: 
1. Outlet header break (Bl) 
2. Boiler inlet pipe break (B2) 
3. Outlet feeder pipes rupture (B3) 
Among the above mentioned breaks that could take place 
outside the core, initiating events that may occur at the in-
let side of the core are more severe than those on the outlet 
side. The reasons for this are the following: 
o The flow reversal and flow stagnation for the in-
let break will take place in an early phase of the 
blowdown, which will decrease the heat removing 
capacity in the affected fuel channels. 
o The coolant temperature is about 80°F lower and 
the coolant pressure is 32 psig higher at the 
reactor inlet header than at the reactor outlet 
























































































































































































































































































































































































































































the coolant for a rupture at the inlet than at 
the outlet side of the core. The locations of 
all the LOCAs mentioned above are shown in Figure 
3.1. 
C. LOCAs in the PHTS interfaces These initiating 
events cover most of the accidents that can take place out of 
the PHTS circuits and could cause LOCA for the CANDU-PHWR. 
Among these accidents are: 
1. Bleed valve failure (Stick open) (Cl) 
2. Relief valve failure (Stick open) (C2) 
3. Bleed valve pipe break (C3) 
4. Relief valve pipe break (C4) 
5. Feed system pipes break (CS) 
6. Shutdown cooling system pipes break (C6) 
7. Gland system pipes break (C7) 
8. Gland return pipes break (C8) 
9. Isolation valves piping failure (C9) 
10. Fueling machine interface failure (ClO) 
It should be noted that the only failures that have been con-
sidered for the bleed and relief valves are that they open 
fully (or partially) and stick open. This will cause a 
coolant discharge that exceeds the capability of the normal 
make-up system of the PHTS (feed system). The pipe failures 
that are considered in the above initiating events are com-
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plete or, in other words, a "100% break" of these pipes and 
not a mere leakage or very small rupture. The locations of 
these expected accidents that can produce LOCA in the PHTS 
interfaces are shown in Figure 3.2. 
II. LOCAs inside the core 
The Loss of Coolant Accidents (LOCAs) that may take place 
inside the core are limited to the rupture of one or more of 
the pressure tubes (Dl). 
In general, the initiating events of LOCA for the CANDU-
PHWR can be divided into two types according to their primary 
causes. 
A. Direct initiating events (DIE) The direct initi-
ating events are those events which may take place in the PHTS 
or one of the directly connected circuits (interfaces) caus-
ing loss of coolant from the circuit. In the case of such 
occurrences, it may become difficult to separate the affected 
oart because of its location and its importance to complete 
the PHTS circulation . Among the direct initiators for LOCA 
are those accidents that were previously mentioned . 
B. Indirect initiating events (IIE) The indirect 
initiating events are those initiators that do not directly 
cause a LOCA, but could initiate a sequence of events which 
may lead to a LQCA if the proper backup systems are not 
20 
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Figure 3 . 2. orrnal coolant flow rates and locations of 
different types of postulated accidents affectin~ 
the PHTS interfaces 
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actuated on demand. Examples of these events are (symbolized 
by Fs); 
Power transient due to uncompensated reactivity 
insertion crl) 
Turbine trip causing pressure transients (F2) 
Recirculation control failures which may cause a 
decrease in the coolant flow rates and which may 
cause temperature transients. This may be caused 
by primary pump failures (F3 ). 
Loss of feedwater in the secondary side could cause 
high temperature and high pressure transients in 
the primary heat transport system of the reactor 
(F4). 
A flow chart for the CANDU-PHWR loss-of-coolant accidents 
initiators is shown in Figure 3.3. 
The last Indirect Initiating Event (IIE), F 4 , was the 
primary initiator that caused the Three Mile Island accident 
(TMI-2) in 1979. 
It might be asked, in this regard, what is the guarantee 
that such an accident (TIIT-2-type accident) will not haupen 
for the Pickering generating station (the case of study)? 
The answer to this question requires the reviewing of some 
of the reoorts and the analysis that has been made about the 



































































































































































































































































































































































































































































































































































































Also, there is a need for a good understanding of the engineer-
ing design of the CANDU-PHWR. For full details, references (31, 
32,33) can be consulted. In the TMI-2 accident, the loss of 
the steam generator (SG) feedwater supply resulted in a turbine 
trip. This resulted in a positive pressure transient in the 
reactor coolant, and the pressurizer relief valve opened and 
stuck open. The valve continued to discharge coolant to the 
drain tank which became full. The pressure inside the drain 
tank rose to 190 psig, at which point a protective rupture 
disk was actuated causing the coolant in the drain tank to 
discharge to the containment. The loss of coolant through the 
stuck open PORV (Power Operated Relief Valve) continued for 
over two hours until the operator closed the block valve, which 
is provided in series with the failed pressurizer relief valve. 
Figure 3.4 shows a simplified flow diagram for the TMI-2 
reactor with the components involved in the accident. 
For Pickering station, in brief, such accidents can 
happen, and the heavy water coolant will discharge from the 
bleed condenser relief valve to the outside, but with some 
exceptions as follo~ . In the event of a sudden loss of feed-
water supply in the secondary side of the SG, the PHTS 
pressure may increase, which can result in the opening of the 
PHTS relief valves and some n2o discharge into the bleed 





















































































































































































































































































































































































































proceed to the recovery pumps if the relief valves failed and 
stick open. This may result in decreasing the PHTS pressure, 
the pressurizing pumps may restore the PHTS pressure. If the 
operator does not take any steps to reduce the PHTS pressure, 
the relief flow from the bleed condenser may continue until 
the n2o storage tank is denleted. This may denressurize the 
PHTS slightly below the bleed condenser relief valve setpoint. 
The relief valve should close, and thus, only a small escape 
of coolant can take place from the PHTS, which does not affect 
the heat removing capability of the coolant in the core. 
The next important consideration in classifying a LOCA is 
the size of the break. Breaks of all sizes are evaluated as 
part of the CANDU-PHWR safety analysis (8). Among the large 
breaks that are postulated to take place outside the core 
region are the following (8) : 
1. 100% break of the inlet header 
2. 100% break of the pump suction piping 
3. 35% break of the inlet header 
A pressure tube rupture and failure of the fueling machine 
(during the fueling process) produces a small break in the 
PHTS of the CANDU-~HWR (8,20) . 
In the Canadian licensing process , the postulated break 
called "100% break" is defined as having a cross-sectional 
flow area of the affected pipe or header (8). According to 
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the above definition, and by knowing the largest and smallest 
diameter for the pipes in the PHTS, the LOCA sizes for the 
CANDU - PIDVR can be estimated. The maximum diameter in the PHTS 
is for the inlet and outlet headers which is 16 inches with a 
cross-sectional area of 201.06 square inches. The pump 
suction pipe is also considered in the large pipe break cate -
gory, with a 14 inch diameter. One and one half (1.5) per -
cent of the maximum break (inlet or outlet header break flow 
area) is considered to be within the small break level (20). 
Hence, a small break diameter from the Canadian definition can 
be calculated as: 
A small break = 201.06 x .015 = 3.02 inches 2 
D 11 break= 2 V3.02/n = 1.96 inches sma 
where A is the cross-sectional flow area, and D is the diame-
ter of the pipe or the circular break. The minimum diameter 
in the PHTS' pipes is that of the nressure tube (or feeder) 
which are in the range of 1.506 - 2 . 920 inches. The inter-
mediate break diameter can be found to be between the above 
maximum and the minimum pipe diameters . According to this, 
the specific LOCA sizes that can take place for CANDU-PHWR 
reactors will be categorized as follows: 
1. Large pipe breaks (10 to 1 6 inches equivalent diame-
ter), as in the inlet and outlet headers and the 
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pump suction piping are the breaks which result in 
the highest coolant discharge rate into the reactor 
and vacuum buildings, and thus, in the highest 
vacuum building pressure peak. These breaks will 
lead to large LOCA. 
2. Intermediate pipe breaks (4 to . 10 inches equivalent 
diameter), as in a break in the shutdown (standby) 
cooling system piping between the inlet header and 
the isolating valve (10 inches equivalent diameter), 
or a break in the isolating valve pipes between the 
two loops, produce what is called medium LOCA. 
3. Small pipe breaks (1 to 4 inches equivalent diame-
ter), might result for example from a break of one 
of the 390 feeder pipes or the pressure tubes 
(1.506 to 2.920 inches). There are 195 outlet 
feeder pipes and 195 inlet feeder pipes at each end 
of the reactor that have the same diameters. Small 
LOCAs can be caused by this size of rupture. 
1.1. Initiating Events Analysis 
Analysis of LOCAs require a careful assessment of postu-
lated initiating events. Here a variety of events that could 
cause different sizes of LOCA in different locations of the 
PHTS inside or outside the core will be examined . Table 3 . 1 




































































































































































































































































































































































































































































































































































































































































































































































































































































































spectrtnn of accidents has been selected to encompass various 
causes and sequences of postulated accidents which are of 
significance either in likelihood of occurrence or in conse-
quences. 
Four accidents have been selected from among the 18 
accidents that are listed in Table 3.1. These accidents are: 
1. Pump suction piping break (A3) 
2. Isolation valves piping failure (C9) 
3. Bleed valve failure (Stick open) (Cl) 
4. Fueling machine interface failure (ClO) 
These accidents are expected to cause large, medium, and 
the last two result in small LOCA sizes, respectively. A 
brief analysis will be conducted for these four accidents in 
order to assess the following: 
- How they are initiated 
- The effect of these failures on the fuel integrity 
- The approximate amount of coolant loss 
- The role of the make-up systeMs 
- The sequences of these failures 
- Whether these accidents require all safety systems 
to be activated or not and how 
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3.3.1. Pumn suction nipe break 
The pump suction pipe is 14 inches in diameter and con-
nects the primary pump with the pump suction header (PSH) as 
is shown in Figure 3.5 . A complete break of this pipe, a 
100% break, will be one of the most severe accidents that 
could take place in a CANDU-PHWR. 
A pump suction piping break is one of the postulated 
accidents that may take place outside the core region. Pump 
suction piping failure can be postulated to occur with various 
degrees of severity (various break or crack sizes). The proba-
bility of occurrence of a large size break is extremely small 
because of the strength of the material used in these pipes 
(carbon steel) and because of the extensive leak detection 
systems. 
This postulated break can cause immediately a large-size 
LOCA for the PHTS of the CANDU-PHWR . The minimum expected 
quantity of the heavy water discharged to the outside of the 
coolant transport circuit, immediately after a complete break 
of this pipe, can be approximately calculated as follows. 
There are 12 pump suction pipes per reactor. These pipes 
transport a total coolant of 66.3 x 106 lb/hr (2) (the total 
mass flow rate of the coolant in the core). 
The calculations have been done under the following 
assumptions : 
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RIH - Reactor inlet breader 
ROH - Reactor outlet breader 













The coolant in the PHTS before the break is a single 
phase saturated liquid with 
coolant temperature = 480°F 
coolant density = 52.91 lb/ft 
coolant pressure = 1280 psia 
the containment pressure L .5 psig 
In calculating the time required for PHTS depressurization 
to atmospheric pressure, no ECCS injection is assumed. For 
a 100% break, the flow will then be 
is: 
6 
66 ·3 x lO -- 5.5250 x 106 12 lb/hr/pipe 
5.525 x 106 lb/hr = 
52.91 lb/ft3 
5 3 1.0442 x 10 ft /hr 
(52.91 lb/ft3 is the heavy water density under 1280 psia 
pressure and 480°F temperature.) 
The net flow rate in imperial gallons per minute (Igpm) 
1.0442 x 105 ft 3/hr = 
60 min/hr x .1605 ft 3/rg 
4 1.0843 x 10 Igpm 
The coolant pressure inside the PHTS will drop from 1280 
psia to atmospheric in about 3 x 100 = 300 seconds (the PHTS 
pressure drops to atmospheric in 100 seconds following the 
------- -- - -----------------
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large header failure) (16) . This failure will cause severe 
coolant loss for the loop that this broken pipe is located in. 
One of the design features of the CANDU-PHWR is that the iso-
lation valves are actuated immediately to isolate the affected 
loop from the other loon. The short time that the break takes 
to discharge the coolant means that innnediate action is re-
quired from the safety systems such as the shutdown systems, 
the ECCS, and the containment (vacuum building) systems. 
As the pressure of the PHTS rapidly goes down, the flow 
rate decreases, the temperature of the fuel will suddenly 
start increasing, some of the coolant in the core will flash 
into steam with the result that positive reactivity will be 
added to the core (the CANDU reactor has a positive void co-
efficient), and the boiler room pressure will be high. The 
shutdown system is designed to be actuated to shut down the re-
actor if certain parameters are out of operating range (Chapter 
4). The ECCS is designed to act following the SDSl (Shutdown 
System #1) to flood the core with the required amount of heavy 
water from the moderator system. The ECCS should supply the 
fuel channels with coolant to provide the required heat re-
moval rate until the fuel cools down. The energy produced from 
the hot fuel will be removed with coolant leaving the break it-
self and by the cooling system of the moderator system which 
includes heat exchangers (coolers) capable of removing the 
34 
heat energy gained from the overheated fuels. 
Within the selected postulated accidents, this is the 
most severe LOCA, which could produce transient temperatures. 
Transient reactivity insertion and a power increase are 
expected, because of the voids in the core resulting from 
depressurizing the PHT system. 
The pump suction pipe transfers 1/6 of the coolant re-
quired to cool half of the reactor (say loop #1) and 1/12 of 
the total coolant available for heat removal in the PHTS. 
If there is any delay in the ECCS injection to the PHTS, 
the fuel could overheat and some damage of the fuel sheath 
result. In the early phase of the accident, innnediately 
following the LOCA (approximately after 7 seconds), the re-
actor power will rise slightly (to ~150%) due to the re-
activity insertion caused by the coolant depressurization in 
the core region. This accident is approximately equivalent 
to a 35% break of the reactor inlet header (8). 
At first, the emergency coolant injection will be di-
rected to all the headers in the reactor (the RIHs and ROHs), 
then the unaffected loop will be separated. Replacement of 
the coolant lost through the broken pipe can be guaranteed if 
the ECCS is working as it is designed without any main failure. 
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3.3.2. Isolation valve 9i~in~ failure 
The isolation-connection valve, PGV#2 in Figure 3.6, is 
the valve that connects the two PHTS Loops of the Pickering 
Reactor. This valve is one of two valves that are controlling 
the flow, between the two loops, within the four-inch diameter 
pipes that connect the outlet headers of the reactor at both 
ends. The purpose of these valves is to maintain the pressure 
equilibrium in the PHTS. These two pipes are the only direct 
connections between the two loops. For this reason, LOCA for 
one loop could propagate to the other one, which could affect 
all fuel channels in the core rather than half of them. 
Figure 3.6 shows this postulated break in one of the headers 
connection. 
The 4-inch diameter isolation-connection pipes between 
the two pairs of the outlet headers of the PHTS play a very 
important role in maintaining the pressure balance between 
the loops. In the middle of every connection, there is a 
power gate valve which controls the flow between the headers 
according to pressure differences between the PHTS loops. The 
significance of this type of failure is that it may deplete 
the coolant from the two loops unless the operator takes 
corrective action in the early stage of the LOCA. 
This a ccident can produce a LOCA of medium size . The 










Figure 3 . 6. Isolation valve pipin~ break 
REACTOR 
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the outside of the coolant transoort circuit, immediately 
after a complete break of this pipe, assuming the isolation 
valve is closed, can be approximately calculated as follows. 
There are 4 outlet headers per reactor, and these headers 
transport a total coolant of 66.3 x 106 lb/hr . The calcu-
lations here are carried under the same assumptions that were 
mentioned in section 3 . 3 . 1 . 
66.3 x 106 7 = 1.6575 x 10 lb/hr/header 
1.6575 x 107 lb/hr = 3.1327 x 105 ft3/hr 
52.91 lb/ft3 
The ratio of the cross-sectional area of the isolation 
valve pipe to that of the outlet header is: 
1 = = IO .0625 
Because the temperature, density, and pressure are the 
same in both the outlet header and the isolation pipe, the net 
flow rate out of this pipe can be estimated as: 
3.1327 x 105 x . 0625 = 1 . 9579 x 104 £t3/hr 
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or in imperial gallon per minute as : 
1.9579 x 104 ft 3/hr 3 --------....:...-.-....,.,..----- = 2 . 0332 x 10 Igpm satu-
60 min/hr x .1605 ft 3/Ig 
rated flow 
If the PHTS pressure drops from 1280 psia to atmospheric 
in 100 seconds following an outlet header failure, the time, 
therefore, required to have the same effect on the PHTS as a 
result of the isolation piping break can be approximated as: 
100/.0625 ~1,600 seconds or ~27 minutes 
This failure could cause coolant loss from a single loop, 
or if the isolation valves do open and stick open, and the 
operator did not close them in time it may affect both loops 
with a double ended coolant discharge. If the isolation valve 
has not been closed, the PHTS can lose its water within 13.5 
minutes. 
The PHTS pressure will decrease shortly after the acci-
dent, and the flow rate of the coolant inside the loop or 
loops system (in case of double ended break) will decrease 
accordingly. The pressure inside the boiler room will in-
crease. If the failure has been caused by the relief valve 
(or valves) opening and sticking open, the discharged heavy 
water will leak to the bleed condenser . The bleed condenser 
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may fill and the flow may proceed to the recovery pumps. 
The shutdown system (SDSl) is expected to drop its rods 
to shut the reactor off immediately following the accident. 
The ECCS will act according to one of its two signals from the 
PHTS or the boiler room detectors. Because the break location 
is so close to the outlet headers, the circulation of the 
emergency injection coolant will take the same direction that 
the PHTS coolant has before the accident. 
J.3.3. Bleed valve failure (Stick Open) 
On Pickering reactors there are two bleed valves per 
primary circuit, one for each loop as indicated by (Cl) in 
Figures 3.1 and 3.2 . Each valve has a maximlllll capacity of 
172 Igpm when fully open. The bleed valves can pass a mass 
flow of 344 Igpm (2), when they are fully opened . Bleed 
valves can cause small LOCA if they open and stick open, and 
that can be considered as a direct initiating event for LOCA. 
Under normal conditions, there are about 14 Ig (2) that bleed 
from the PHTS every minute, flowing through the two bleed 
valves at an average of 7 Igpm/valve . Bleed and feed system 
flow balance is shown in Figure 3.2. This failure could 
drop t he coolant pressure inside the PHTS from 1280 psia to 
atmospheric in an approximated time calculated as follows 
(using the same assumptions that were stated in Section 3.3.1): 
40 
The ratio of the mass flow rate of the bleed valve to 
that of the pump suction pipe is: 
172 
4 1.0843 x 10 
= 1.5863 x 10 - 2 
But the time that is required to depressurize the system 
after the pump suction pipe break is about 300 seconds. 
-2 4 300/1.5863 x 10 = 1.8912 x 10 seconds = 
5.25 hours 
When the two bleed valves simultaneously fail, they can 
discharge the coolant from the system (the two loops) within 
less than 3 hours assuming no backup systems are actuated 
within this time. This accident is considered to be a small 
size LOCA, affecting one or two loops depending on the number 
of valves exposed to failure . The PHTS pressure will decrease 
gradually because of the discharged coolant , and the tempera-
ture will increase while the flow rate will decrease. 
This is the second accident (among the four selected 
accidents) that will not cause the boiler room pressure to in-
crease, because the discharged coolant can be accommodated in 
the bleed condenser and the bleed cooler. If these two con-
tainers are filled with heavy water , the n2o storage tank 
can be used too. 
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The shutdown system will respond to the PHTS high temper-
ature, or low pressure or to the manual action of the operator. 
The ECCS can be activated to supply the core with the re-
quired coolant, by two signals received from the detectors 
inside the PHTS for the low pressure, and low flow rate. The 
bleed valves connection flow diagram is shown in Figure 3.7. 
3.3.4. Fueling machine failure 
The fueling process of Pickering station is carried out 
by two fueling machines, each serving one end of the reactor. 
The heavy water is supplied to the fueling machine by the 
primary heat transport main feed (pressurized) pumps, when the 
fueling machines are not connected to the reactor (parked 
mode), and a pressure of 1400 psi is selected. When the 
machines are clamped to a reactor end fittings, to perform 
the fueling operations, high pressure at the fueling machine's 
maga~ine is selected, and the two fueling machine pumps are 
used to supply heavy water at a pressure of 2400 psi. The 
fueling machines connections to the end fittings of the 
pressure tubes are shown in Figure 3.8 . More details about 
the fueling machine specifications can be found in reference 
(2) and Chapter 4 of this study. 
The fueling machine becomes a part of the PHTS during the 












































































































































































































































functions could result in a small scale loss - of- coolant acci-
dent, which is the concern of this study. The failure of the 
fueling machine piping (interfaces) could affect the heat 
removal in the fuel channel under on- load refueling operation, 
and the primary heat transport system as well. The maximum 
size of the break that is expected will not exceed the feeder 
pipe diameter (1.506 - 2.920 inches). 
The average mass flow rate within the single pressure 
tube can be estimated by this dir ect relation: 
66.3 x 106 lb/hr= 1.70 x 105 lb/hr/pressure tube 390 tubes 
1.70 x 105 lb/hr= 3.2130 x 103 ft3/hr 
52.91 lb/ft3 
3.2130 x 103 ft3/hr = 333.65 Igpm 
60 min/hr x .1605 ft3/rg 
The ratio of the mass flow rate in the pressure tube to 
that of the pump suction pipe is: 
_33_3_._6_5~~~ = 3 . 0771 x 10-2 
1.0843 x 104 
The time that is required to depressurize the PHTS to 
atmospheric, after a fueling machine interface major piping 
failure, can be estimated as : 
--------------- - ------------~----
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300/3.0771x10-2 = 9.7496 x 103 seconds= 2.71 hours 
This small LOCA can cause a coolant discharge from the 
PHTS main circuit. This loss can slightly lower the pressure 
inside the PHTS, because of coolant flashing, and lead to a 
slight increase in the fuel temperature and high pressure in 
the boiler room, but not enough to shut the reactor down. The 
bleed valve of the affected loop will close, the feed valve 
for the same loop will open fully (PHTS pressure ~ 1270 psi) 
to allow 155 (2) Igpm to be fed to the loop. The flow rate of 
the heavy water in the PHTS decreases and the fuel cladding 
temperature of the affected channel will increase rapidly and 
the other fuel channel temperatures will increase gradually. 
Because of the small size of the break, the coolant will not 
be depleted fast enough to depressurize the PHTS circuits. 
In cases like this (small LOCA), blow off of the coolant on 
the secondary side of the steam generator to the atmosphere 
is required to rapidly lower the pressure in the PHTS follow-
ing the accident. The shutdown system No. 1 (SDSl) will be 
actuated. The insertion of the 11 solid neutron-absorbing 
shutoff rods will add a negative reactivity of about -24 mk 
[m(~K )] to the medium, which is quite enough to terminate 
ef f 
the chain reaction. 
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The "blow off" technique will result in decreasing the 
temperature and then the pressure in the PHTS. The ECCS of 
the CANDU-PHWR is a low pressure system, therefore, depressur-
izing the PHTS is required to introduce the emergency injection. 
The emergency coolant injection will start its circulation to 
supply the core and the affected pressure tube with the re-
quired coolant to maintain the fuel at a safe temoerature 
More analysis for the fueling machine interface failure will 
be presented in the following chapter. Some calculated param-


















































































































































































































































































































































































































4. ANALYSIS OF FUELING MACHINE FAILURES 
4.1. Introduction 
Failure of the fueling machine has been selected from 
among the 18 accidents that were listed in Table 3.1 as an 
initiating event which could cause small-scale LOCA for the 
CANDU-PHWR. There are some important factors that need to 
be considered before analyzing the reliability of the fueling 
machine. These factors are: 
1. The fueling machine is almost continuously in oper-
ation because of the large number of fuel bundles 
used in CANDU-PHW reactors (390 fuel channels in 
the reactor, 12 bundles per channel for a total of 
4,680 fuel bundles in the core) . When the two 
identical fueling machines are clamped to the oppo-
site end fittings of any channel, the fueling ma-
chines are considered to be part of the PHTS. Thus, 
a major break in the F M/C heavy water path could 
lead directly to loss of coolant from the circuit, 
equivalent to the flow rate through one of the 
pressure tubes in the core. 
2. The failure of the fueling machine could happen in 
a way which could interrupt other parts in the 
system . This is due to the fact (2) that the fueling 
machine needs heavy water in the "parked position" 
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when the low pressure setting in the magazine is 
selected and the fueling machines are not connected 
to the reactor. The pressurizing pumps are used to 
supply the heavy water required to cool the fuel 
inside the F M/C. Also, heavy water is needed when 
the fueling machines are in the fueling process and 
the high pressure setting is selected. When the 
fueling machine is in the "parked position", the 
fueling machine pumps are not used, and the required 
pressure and coolant is provided by the pressurizing 
(feed) pumps. Some major breaks that could take 
place in the fueling machines or in their interface 
piping may lead to one or both of the following 
results: 
a. The heavy water reserve in the n2o storage tank 
and in the bleed cooler could be depleted with 
time, unless some arrangements have been made 
to stop this leakage. The resulting heavy 
water depletion (completely or partially) 
could affect the normal activities of the PHTS. 
For example, insufficient feed or gland flow to 
the nrimary circuit. In certain stages of the 
n2o storage depletion, the reactor may be 
tripped because of the low level of the heavy 
water in the o2o storage tank. 
so 
b. The spent fuel that is newly discharged from 
the core to the receiving fueling machine, is 
in need of cooling. Thus, continuous circu-
lation of the n2o is very essential to remove 
the heat being released by the spent fuel . 
Major piping breaks could affect processes 
which may cause the fuel temperature to in-
crease to the level that affects the integrity 
of the fuel. 
3. The fueling machine is dealing with fuel handling, 
where hazardous radioactive material is involved. 
4. The small LOCA that could be caused by a fueling 
machine failure cannot depressurize the PHTS fast 
enough to allow early introduction of the low 
pressure coolant using ECI (emergency cooling in-
jection). This requires that another technique be 
used to depressurize the system. This requirement 
will be discussed later in chis chapter when the 
ECCS activation is discussed . 
4 . 2. Fueling Machine Description and Operation 
The fueling machine (F M/C) of the Pickering generating 
station is shown in Figure 4 . 1 . It consists mainly of the 
following components : 
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4. Fluid and electric supply 
More details about the F M/C description can be obtained 
from reference (2). In this section, a very brief description 
of the fueling machine will be given . 
The fueling machine head is hung from the carriage under-
neath the bridge and it moves in the horizontal direction 
required for lateral positioning. The fueling machine head is 
the major and most sophisticated part of the F M/C. It in-
eludes the following main parts: 
sleeve, and the magazine (2). 
Ram 'B' Ram 'C' a guide , , 
The fueling machine carriage is that part from which the 
F M/C head is suspended. It consists mainly of two components: 
the trolley and the head support cradle. The trolley provides 
for lateral positioning as well as the vertical and horizontal 
alignment of the head with any of the reactor end fittings. 
The head support cradle is supoorted from the upper end of the 
trolley on a pair of horizontal ball ways to allow for the 
axial motion of the head . 
The fueling machine bridge is that F M/C part which 
carries the head and provides the vertical movement up and 
down . The bridge consists of three main components. 
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a. Two guide columns, which consist mainly of two ball 
screws . The ball screws support the structure and 
the bridge support. 
b. The bridge structure, which consists of two box 
members with the framework on the top. 
c. The vertical drive, which consists of a hydraulic 
motor coupled to the base of each column . 
The fluid supply to the fueling machine consists of 
a. The n2o supply to maintain the magazine of the F M/C 
under temperature and pressure conditions suitable 
for fueling operation, the fuel transfer orocess, 
and for parking. The n2o is used also to detect 
leakage from the F M/C and to supply cooling to 
seals on the ram and magazine drives. 
b. The oil is used mainly for the oil hydraulic systems 
which provide the required movements for the differ-
ent parts of the fueling machine. 
The electric power is required for the motors that per-
form the required movements in the fueling machine. 
The fueling operation for the Pickering reactors is 
carried out by the actions of two fueling machines, each 
serving one end of the reactor as was explained in the previous 
chapter . 
During the fueling operation, both fueling machines 
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should clamp to the reactor end fittings of the same pressure 
tube that is under loading and unloading. Each end fitting 
contains two plugs which can be removed by the F M/C (Figure 
5.7). The plug that is closest to the fuel keeps the fuel in 
the channel and provides biological shielding for the areas 
adjacent to the reactor; the plug at the end of the fuel 
channel seals the reactor coolant within the pressure tube. 
When the FM/Cs are clamped to the end fittings, the plugs 
are removed and the fuel bundles changed. New fuel is added 
at the inlet end and spent fuel removed at the outlet end of 
the channel (for fueling mechanism see Reference 28). 
The n2o is supplied to the fueling machine by two paral-
lel fueling M/C pumps . Each pump is adequate to supply both 
fueling machines with 50 Igpm of heavy water at 2400 psi 
0 pressure and 100 F temperature. Only one pump is normally 
operating, the other serving as standby . The motors are 
connected to the class III power system bus (see Appendix A 
for station power supply description). 
The fueling machine pumps draw heavy water from the low 
pressure heavy water storage tanks . The suction of the pumps 
is placed to take advantage of the cooled heavy water return-
ing from the bleed cooler . These arrangements are shown in 
Figure 4 . 2 . 











































































































































































































































































ture required by the fueling machine. A bypass line is pro-
vided from the feed pump outlets for the case when the fueling 
machines are not connected to the reactor and the high pressure 
of the fueling machine pumps is not required. This bypass 
line has check valves to prevent the high pressure of the 
fueling machine pumps from affecting the pressurizing pumps 
(feed pumps) during normal operation . Another bypass line is 
used to provide a flow of up to 100 Igpm from the fueling 
machine pump outlets in case of the failure of both feed 
pumps. 
4 . 3. Fueling Machine Failures 
The fueling machines are in almost continuous operation 
(8 bundles/day, 7 days/week) (2). In general, they can fail 
whether they are in the parked or in the operation ~ode for 
several reasons. Among these reasons are the following: 
1. Operation control problems (manual, automatic) or 
because of faulty feedback signals. 
2. The heavy water supply from the feed pumps is in-
sufficient (in parked mode). 
3. Fueling machine Oil Hydraulic Systems failures . 
4. Fueling machine Electrical Supply failures . 
5. Fueling machine drive motor mechanical failures . 
6 . Fueling machine magazine mechanical problems . 
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7. Mechanical failure in Ram "B" - oil hydraulic motor 
(not able to open or close the shield plug) . 
8 . Mechanical failure in Ram "C" (not able to push the 
fuel in the coolant channel). 
9 . Mechanical problem in the spent fuel magazine. 
10. Excessive high pressure from the F M/C head on the 
end fitting, leading to the breaking of the latter 
during the F M/C reactor coupling process. 
11 . Operator error providing wrong command to the F M/C, 
either in automatic, semi-automatic, or manual 
operation of the machine. 
12 . Some fuel bundles stick in their places in the 
coolant channel and may get damaged under the FM/C's 
Ram "C" pressure . The fueling machine system is 
designed such that this type of accident would not 
cause damage to the individual pressure tubes. 
13. One or both channel closures (of the two ends) are 
not firmly closed, and the F M/C magazine is turned 
to the low pressure mode , and the machines moved 
away from the end fittings. This accident could 
lead to coolant discharge from the channel through 
the end fitting exit(s) . 
14. A major break in the F M/C or its interface 
pipings , which could lead to coolant discharge 
from both ends (reactor side and pumps side) . 
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The above mentioned failures can vary in their proba-
bilities, even though some of these probabilities are negli-
gibly small. Some of these failures would be in parts that 
are supported with engineering features to prevent the failure, 
or to minimize the effects of its occurrence. Most of these 
failures are outside the scope of this study. Some of them 
can be avoided by senarating the F M/C from the reactor and 
putting it in the parked mode to evaluate and handle the 
failure. 
Failures 1 - 13 cannot impact the PHTS, though they affect 
the fueling machine operation. Failures 10 and 13 may lead 
to a small-size LOCA, equivalent to the flow rate of the 
affected channel. Failures 12 and 13 may be caused by the 
fueling machine, however, they are not in the fueling ma-
chine itself. 
The only failure that this study will be concerned with 
is a major piping break in the fueling machine interfaces, 
which could lead to a small-scale LOCA. This failure will 
be analyzed in this chapter to assess the sequences and the 
safety system responses following this ~ossible accident. 
4.4. The Make-up System 
One of the design features of the reactor systems is to 
have a make-up system which can replace the lost coolant up 
to a certain limit. In general, the only connected sub-
--- ----- -------------------------
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systems to the PHTS of the CANDU-PHWR which can transfer to 
(feed) or transfer from (bleed) the primary heat transport 
system are the following (see Figure 3.2): 
1. Feed system (supported by two feed pumps and two 
feed valves) 
2. Gland system (using the two feed pumps) 
3. Bleed system (with two bleed valves) 
4. Relief system (with four relief valves) 
5. Gland return system (with one gate valve) 
The feed system is the only system that should act 
following any accident or event that could cause a PHTS 
pressure decrease. The feed system in Pickering NGS is the 
make-up system for the reactor's coolant system. 
The feed flow for the PHTS is provided by two parallel 
pumps, each rated at 270 Igpm. These pumps draw heavy water 
from the low pressure n2o storage tank which, in turn, is 
replenished by the cooled bleed injected from the PHTS . The 
feed pumps and the feed valves can deliver a net make-up of 
about 243 Igpm (2) coolant to the PHTS (both loops) . 
To find out whether the make-up flow is adequate to 
replace the loss from the PHTS following a fueling machine 
interface piping break, and to find accordingly whether ECCS 
injection is required, coolant flow rate calculations are 
needed as before . 
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The total mass flow rate in the CANDU-PHWR core is given 
as 66.3 x 106 lb/hr . 
The average flow rate that is discharged from a coolant 
channel through a failed pipe in the fueling machine inter-
face was calculated in Section 3.3.4 as: 
1.70 x 105 lb/hr/major failure 
(or 334 Igpm) 
This means that mechanical failure of the fueling machine that 
is connected to an average coolant channel will result in a 
loss of 334 Igpm. 
The CANDU-PHWR primary heat transport system loops are 
designed for full isolation whenever an accident takes place 
in one of the two loops . The two isolation valves (in the 
two ends of the reactor, Figure 3.1) should close automati-
cally to separate the affected loop from the other one. 
After the accident takes place, the feed valve of the 
unaffected loop should close and the feed valve of the 
affected loop should fully open to allow a maximum of 155 Igprn 
(2) to be fed into the system . This means that the amount 
of coolant shortage in the loop will be: 
334 - 155 = 179 Igpm 
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The coolant flow from and to the PHTS is shown in Figure 
4.3. The two isolation gate valves GVl and GV2 are assumed 
to close innnediately after the accident, to isolate the 
affected part (loop #1) of the PHTS, and to prevent LOCA 
propagation. 
From the previous calculation, it is shown that the 
coolant discharge rate from the PHTS is beyond the capability 
of the feed system (make-up system). Activation of the ECCS 
is required to supply the fuel with the needed coolant. 
4.5. Safety Systems Activation 
In the next section, the F M/C failure sequences will 
be listed, assuming that all the safety systems will act 
properly as they were designed to act . For the safety systems 
to act, they should be activated by the SICS signals from 
the PHTS or the containment instrumentation or by the action 
of the operator. No doubt that a question can be raised, 
"What if all the safety systems of the reactor were out (un-
available)?" It is of extremely low probability that such 
a situation could take place; however, part of the safety 
analysis is to address such questions . The safety systems 
of the CANDU-PHWR were designed in a way that there is a back-
up system for every essential safety system. As an example, 
SDS2 is a backup system for the SDSl, and each of them should 




















































































































water moderator in the calandria, is a backup system for the 
ECCS with the capability of removing 5% of the nominal gross 
heat produced in the core . The safety systems were designed 
to respond to certain parameters related to the fuel, the 
PHTS, or the containment conditions. These parameters of 
concern are some or all of the following (according to the 
specific safety system that needs to be activated): 
1. The PHTS temperature, high 
2. The PHTS flow rate, low 
3 . The PHTS pressure, low 
4. The PHTS pressure, high 
5 . The containment pressure, high 
6. The neutron flux, high 
7. The neutron log rate, high 
The above parameters are monitored normally by using 
special instrumentation or detectors. For each parameter 
there are at least three signals obtained from separate in-
puts. The safety injection control system (SICS) carries 
these signals to the safety systems. For every parameter, 
two-out-of-three logic is used to activate the required safety 
system. The safety system responses which are required 
immediately after the F M/C interface failure are SDSl and 
ECCS, respectively . 
---- ----""----------------~----
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4.5.1. Shutdoym system activation 
Shutdown system #1 (SDSl) can be activated by one or more 
of the signals that are illustrated in the simple logic tree 
in Figure 4.4. These signals are obtained for either the PHTS 
condition (pressure, temperature, neutron flux, or log rate) 
or for the containment (boiler room) condition, specifically, 
the pressure. The operator can shut the reactor down for any 
reason by using the manual trip . 
From the calculations that have been carried out in 
Section 4.4, it is obvious that loop #1 will suffer from a 
coolant shortage of at least 
179 Igpm (or 29 ft3 /min) 
The primary heat transport system of the CANDU-PHWR is 
designed such that its pressure will increase or decrease by 
17 psi (2) from the normal pressure (1280 psia) upon adding 
or removing one cubic foot of coolant to the system. This 
means that 1 minute after the fueling machine failure, the PHTS 
pressure will drop to 
1280 - 28.67 x 17 = 792 . 62 psia 
It is known that the PHTS' pressure signal is activated 
whenever the pressure is equal or less than 1200 psia. This 




























































































































































































reached in the PHTS. 
1280 - 28 ·67 x 17 x 10 = 60 1199 psia 
1199 psia <1200 psia (where the "low PHTS pressure" 
instruments will send signals to activate the shutdown system). 
The reactor will be shut down at least for this cause (see 
Figure 4.4). 
4.5.2. ET'lergency core coolin~ system activation 
The ECCS will be activated by SICS signals whenever a 
combination of low pressure and low flow rate is detected in 
the PHTS or a signal indicating high pressure in the con-
tainment is received. Figure 4.5 shows a logic tree related 
to the required parameters to initiate the ECCS. From 
Section 3.3.4, the time required to depressurize the PHTS to 
atmospheric pressure was calculated to be about 2.71 hours, if 
no other technique is used to accelerate the depressurization. 
A two-out-of-three logic low pressure signal is required for 
ECCS initiation. The other parameter that should be reached 
to have ECCS activation is the "low flow rate" condition. Some 
calculations are required to see if the other parameters are 
satisfied or not, and when they will be . 
The flow rate in one fuel channel before the accident 






















































































































66.3 x 106 lb/hr= 5 
390 tubes 1 . 70 x 10 lb/hr 
It was stated previously that the F M/C failure will cause a 
coolant loss of not more than the loss that could be produced 
by a full break of one pressure tube . For simplicity, calcu-
lations are based on in core conditions . 
The maximum flow cross-sectional area of the fuel channel 
is 
A -- rr(2 . 9220)2 -- 6 6966 . 2 - . in 
= . 0465 f t 2 
The density of the heavy water at 1280 psia pressure is 
52.91 lb/ft3 . The velocity of the coolant in the pressure 
tube can be calculated from the continuity equation as 
m = pAV 
m 
V = pA 
= 1.70 x 105 lb/hr = 
52.91 lb/ft3 x .0465 ft2 
6.9090 x 104 ft/hr 
The flow rate of the coolant in the PHTS should be < 75% 
of the normal flow rate (1.70 x 105 lb/hr/channel). This 
condition must be met before the ECCS can be activated . This 
requires that either the density or the velocity of the coolant 
decrease by 75% where it is assumed that the cross-sectional 
area will remain the same . So, either the density equals 
p < .75m 
AV 
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= .75 x 1.7 x 105 =40 lb/ft3, 
. 0465 x 6.9090 x 104 
or the coolant velocity equals 
V< ~Sm= .75 x 1.7 x 105 4 Ap 0.465 x 52.91 = 5.18 x 10 ft/hr. 
The coolant density, after the accident, will decrease 
with time because of system depressurization. This will be 
accompanied by an increase in temperature resultin~ from the 
coolant shortage and fuel channel overheating. The flow rate 
tends to decrease with time after the blowdown phase. 
The ECCS can be activated by the "containment-high-
pressure" signal or by a PHTS low pressure signal as was shown 
in the activation logic tree, Figure 4.5 . The containment 
instruments will send a signal whenever the pressure is more 
than .5 psig (15.196 psia). The containment pressure will 
increase with time as a result of a pump suction header break. 
This uressure can be reached in approximately .35 second, 
as is seen in Figure 4.6 (8). 
Calculations can be done to estimate when the high 
pressure parameter can be reached in the containment for a 
fueling M/C interface piping break, as follows: 
The containment pressure change depends first on the 
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Containment pressure transient following maximum 
pump suction header break (8) 
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on the temperature of the coolant . The ratio of the flow 
rate caused by the F M/C failure to that of the pump suction 
header break can be related as : 
M F/M = 
M PSH 
66.3 x 106/390* = 1.0256 x 10-2 
66.3 x 106/4** 
* 390 pressure tubes per reactor 
**4 pump suction headers per reactor 
The maximum allowable pressure in the containment after 
the F M/C failure can be reached accordingly within: 
-2 .35/1.0256 x 10 = 34.12 seconds 
This means that the ECCS will be activated approximately 
.57 minute after the accident occurrence. 
Also of importance is an estimate of the time required 
to introduce the energency injection coolant to the PHTS 
loops. It is known that the ECCS in the CANDU-PHWR is a low 
pressure injection system with 100 psia pressure. The PHTS 
needs to be depressurized to 30 psia before the emergency 
injection system becomes effective, because the check 
valve adjacent to the PHTS will not open unless the PHTS' 
pressure droos to 30 osia or less . 
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4.5.3. Steam generator secondary side blow off 
Because of the small size of the break that can result 
from the F M/C interface failure, the coolant will not be 
depleted fast enough to depressurize the PHTS circuits. In 
this case (small LOCA), blow-off of the steam from the second-
ary side of the SG to the atmosphere is required to rapidly 
lower the pressure in the PHTS. The ECCS in the Pickering 
generating station is low pressure injection (as was stated 
before), and it requires low pressure in the PHTS to be able 
to inject the emergency coolant. The blow off from the 
secondary side of the SG is accomplished by opening the con-
trol valve of the blow off piping as shown in Figure 4.7. 
These valves can be opened by the operator whenever there is 
a small LOCA and the ECCS injection is required. 
4.6. Fueling Machine Failure Sequences 
In this section, the fueling machine interface failure 
sequences will be examined considering the entire system 
interaction. The accident sequences of a piping break of the 
PHTS in general can be presented by the block diagram shown 
in Figure 4.8. The block diagram illustrates how such an 
accident can propagate to result in dual failures (Apoendix 
A) if one of the safety systems has failed, combined with 
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As shown in the previous accident sequences, the core 
would be adequately cooled if the safety systems operate as 
designed and only small consequences will result. The po-
tential consequences could be much larger if the safety systems 
failed resulting in overheating of the reactor core. 
The following sequences are expected to take place in 
the indicated order, immediately after a LOCA that is produced 
by the fueling machine interface failure: 
1. Low pressure in the PHTS (<1200 psia) 
2. Feed valves and gland valves open, and bleed valves 
close 
3. High coolant voiding rate in the fuel channel 
4. Positive reactivity increases 
5. Sudden increase in the thermal power 
6. The reactor will shut down for one of the following 
reasons: 
a. Primary pressure <1200 psia 
b. Primary system low gross flow ( <75% normal) 
c. High reactor building pressure (boiler room 




The reactor outlet coolant temperature >1565 F 
High log neutron rate of increase >10% per 
second 
7 . High pressure in the vacuum building ( >0 . 5 psig ) 
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8. The SICS sends signal to initiate the ECCS. 
9. Blow off of the secondary side of the steam gener-
ator 
10. The pressure in the PHTS is less than 100 psia. 
11. All the valves between the moderator system and the 
junction point with the standby cooling system will 
open. 
12. The emergency coolant will fill the emergency piping 
with 30 psia pressure at the check valve adjacent 
to the injection point. 
13. The emergency coolant will automatically be directed 
to the reactor headers. 
All the events mentioned above are postulated under the 
assumption that all the safety systems and instrumentation 
are working according to the design. 
In the previous section, the F M/C failure sequences 
have been listed, assuming that the failure of the fueling 
machine will always lead to the same consequences. The 
question now is: Is it true that fueling of any pressure 
tube, joined with F M/C failure, will result in the same kind 
of sequences? The answer is no, and the explanation is as 
follows: 
In the Pickering generating station reactors, the core is 
cylindrical in shape and heterogeneous, having a large number 
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of fuel elements. The core has almost a cosine thermal flux 
distribution in both the radial and the axial directions (34, 
35). The maximum heat generation is in the central core 
region as shown in Figure 4.9. The heat flux distribution is 
a function of the location in the reactor (especially in the 
radial direction). This requires a different coolant flow 
rate for different channels. The coolant channels that are 
in the oeak of the heat flux must have more mass flow rate 
than the channels that are in the low heat generating zones. 
All fuel channels have the same diameter of 4.088 inches; 
hence, the fuel channels that are connected with the larger 
diameters' feeder pipes have a higher velocity than those 
that are connected with feeders having smaller diameters. The 
feeder pipe diameters are between 2.920 inches, for a 
central channel, and 1.506 inches for the outer coolant 
channels, with flow areas of 6.6966 and 1.7813 square inches, 
respectively. The flow area of the average coolant channel 
is 5.146 in2 (2). 
It must be assumed that the density of the heavy water is 
the same in all the coolant channels with single phase flow. 
The mass flow rate for the central channels can then be 
approximately calculated as: 
1.7 x 105 lb/hr x 6 · 6966 in2 = 
5.146 in2 
5 2.2122 x 10 lb/hr 
=434 Igpm 
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Figure 4 . 9. The thermal flux distribution in the CANDU-PHWR 
core 
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and the mass flow rate of the outer (smaller) channels as: 
1.7 x 105 lb/hr x 1 ·7813 in2 = 5.8846 x 104 lb/hr 
5.146 in2 
~115 Igpm 
The flow rate of the average size coolant channels was 
calculated previously as 334 Igpm. 
It is of interest to compare the sequences of fueling 
machine failures, while carrying out the fueling process with 
a high flow rate fuel channel and with a low flow rate 
channel. 
4.6.1. The F M/C failure sequences during fueling of central 
channels 
This failure will cause a coolant discharge at a rate 
of 434 Igpm (69.69 ft3/min). But when the feed valve (of 
the affected loop) is fully open to allow 155 Igpm make up 
coolant to be fed in the system, the amount of the coolant 
shortage in the loop will be 
434 - 155 = 279 Igpm 
or ~ 45 ft 3/min 
This means that following the accident, the PHTS loses 
.75 ft3/second of coolant, and the pressure drops 12.70 psia/ 
second. Accordingly, after 6.30 seconds, the reactor will 
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trip from low PHTS pressure (~1200 psia). 
To calculate the time required for ECCS activation as a 
result of this accident, both Figures 4.5 and 4.6 need to be 
reviewed. From Figure 4.6, the pump suction header break 
takes .35 second to raise the boiler room (containment) 
pressure to a level high enough to actuate the containment 
high pressure trip which is .5 psig (15.196 psia). To calcu-
late this time, the coolant flow rate that could result from 
the F M/C failure to that of the pump suction header break, 
can be related as follows: 
M F/M 
M PSH 
2.2122 x 105 
= = 
66.3 x 106/4 
-2 1 . 3347 x 10 
The required high pressure in the containment, to activate 
the ECCS after the F M/C failure, can be reached within a 
period of 
.35/1.3347 x 10-2 = 26.22 seconds 
which is 8 seconds faster than the case of the average coolant 
channels failure. 
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4.6.2. The F M/C failure sequences during fueling of outer 
channels 
This failure will cause a coolant discharge at a rate of 
115 Igpm. But it is known that the feed valve (of the affected 
loop) has the capability of supplying the PHTS with a make up 
coolant of 155 Igpm when it is fully open. This means that 
such an accident does not need an ECCS supply, and the 
coolant discharged out of the F M/C piping break can be normal-
ly replaced by the feed system of the reactor. The fuel 
channels will receive the required coolant, and the affected 
channel could encounter a temperature increase because of the 
depressurization. 
The fact that the ECCS will not be activated (from a low 
PHTS' signal) does not mean that the shutdown system (SDSl) 
will not be activated. Some calculation is needed to assess 
the containment pressure and to find whether it will be high 
enough to activate both the SDSl and the ECCS as before: 
M F/M 
M PSH 
= 5.8846 x 104 = 3.5503 x 10-3 
66.3 x 106/4 
The time required for this type of failure to raise the 
containment pressure to a level high enough to activate the 
SICS instruments in the boiler room is calculated as: 
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.35/3.5503 x 10-3 = 98.58 seconds 
This means that the reactor will be tripped and the ECCS 
will be activated (see Figures 4.5 and 4.6) within an approxi-
mate period of 100 seconds. It can be noticed here that the 
activation of the ECCS does not mean injection of the emergen-
cy coolant in the PHTS. It was mentioned before that unless 
the PHTS pressure drops to 100 psia, the emergency coolant 
will fill the ECIS circuit, and stay on standby. The PHTS 
pressure must drop to 30 psia before the check valves can 
open. 
Table 4.1 presents some sequences resulting from F M/C 
failure while fueling coolant channels are in different 
locations. 
4.7. Fault Tree Analysis 
Fault Tree Analysis is a formalized deductive analysis 
technique that provides a systematic approach to investigate 
the possible modes of occurrences of a defined system state 
or undesired event . In other words, a fault tree is a logic 
diagram of the sequence of events which lead from one or 
more causal events upward to one consequence called the "Top 
Failure," or "System Failure." Also, a fault tree I"lav be 
defined as a logic diagram which traces top failure to 





















































































































































































































































































































































































































Fault tree analysis consists of two major steps: the 
construction of the fault tree, and computation of failure 
probabilities. Evaluation of the fault tree can be quanti-
tative, qualitative, or both, depending upon the scope of 




Define critical paths in the accident analysis 
Calculate probabilities of failure leading to 
given consequences in the system, from one or 
a number of initiating events. 
Fault tree logic symbols are shown in Figure 4.10. 
Fault trees are used here to calculate the failure proba-
bility of the subsystems or the elements that are considered 
as postulated initiators for the accidents under study. 
Failure data from WASH-1400 or best estimates based on 
operational experience are used for failure rates and repair 
time. In the following analysis, it is clear that some trees 
are not developed to the final level. This is because of the 
lack of information required for such details. To achieve 
such detailed analysis, some systems' circuits and flow 
diagrams are needed. 
Each basic input event shown in the fault trees, 
in this study, is given a unique eight character code name in 
order to facilitate proper evaluation of the fault trees. 
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6 OR logic gate 
0 AND logic gate 
6 Primary Failure 
6 Undeveloped Event 
0 Fault Event 
--6 Transfer OUT 
L Transfer IN 
--C) Inhibit Gate 
Figure 4.10. Fault tree logic symbols 
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The coding scheme identifies events by system, component 
type, component identification and failure mode as shown 
below. 





Tables 4.2, 4.3, and 4 . 4 are used to list the codes for 
the systems, components, and failure mode, respectively. 
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Table 4.2. CANDU-PHWR systems identification code 
Code System Name 
E Emergency core cooling system 
(ECCS) 
C Containment system (CS) 
T Emergency transfer line (ETL) 
M Moderator system (MS) 
S Safety injection control system 
(SICS) 
W Ordinary water injection system 
(OW) 
H Primary heat transport system 
(PHTS) 
F Fueling machine system (FMS) 
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CV Check valve 
MV Power modulated valve 
XV Gate valve (manual valve) 
RV Relief valve 





DC DC power supply 
DR Door 
FR Fire hydrant 
00 Event (no component involved) 
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Table 4.4. Failure mode code 
Code Failure mode 
A Does not start 
B Open circuit 
c Closed 
D Does not open 
E Engaged 
F Loss of function 
G Disengaged 




Q Short circuit 
R Rupture 
s Short to ground 
T Fault transfer 
x Operator error 
y Maintenance fault 
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4.8. Fueling Machine Mechanical Failure Fault Tree 
A fault tree of the mechanical failure of the F M/C was 
drawn, using design information available to determine how 
the system could fail in terms of faults of the basic com-
ponents of the F M/C interface. Faults postulated included 
consideration of failure modes of pipes, pumps, valves, and 
the heavy water storage tank and sources. In addition to 
the component failure modes, human errors that could result 
in "faulted" components were also considered. 
The fault tree analysis started with the event "Mecha-
nical failure of the F M/C interface causing small-size LOCA", 
and proceeded to work back through the system from the fuel-
ing machine head to the n2o storage tank and bleed cooler. 
The fault tree of the fueling machine interface mecha-
nical failure is shown in Figure 4.11. 
PIPE L009 FAILURE 
IN F M/C INLET 
FPPL009R 
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FAILURE OF F M/C 
INTERFACE AA (WITH 
PROPER SIZE AND 
FLOW RATE) CAUSING 
SMALL-SIZE LOCA 
LOSS OF PRESSURE FROM 
PHTS INTERFACE AA WITH 
F M/C MAGAZINE CAUSES 





LOSS OF PRESSURE 
ON THE HEAT EX-
CHANGER HEADER 
























































































































































































































































































































































































































































































































































































































































































































































































































5. AVAILABILITY OF THE ECCS FOLLOWING F M/C FAILURE 
5.1. Introduction 
Whenever a LOCA has taken place, the availability of the 
emergency core cooling system becomes the most important 
issue that needs to be analyzed. In the previous chapter, 
it has been shown that the sequences of the fueling machine 
interface failure produced a sufficiently high pressure in 
the CS, and a sufficiently low pressure and flow rate in the 
PHTS, that it is required to activate both the shutdown 
system and the ECCS. To enable the ECCS to remove the re-
leased heat from the fuel, the reactor must be shut down. 
The nuclear reactions in the core should be stopped by intro-
ducing negative reactivity (>20 mK) by activating either SDSl 
or SDS2 or if fuel conditions require it, both. 
It might be important to answer the question, "Why 
has emphasis been given to the ECCS availability following 
the F M/C failure, while shutting down the reactor may have 
no less importance than cooling the fuel by the ECCS action?" 
To briefly answer this valid question, a short review of the 
objectives and functions of the safety systems might be use-
ful. Figure 5.1 illustrates the objectives of the safety 
systems of the CANDU-PHWR. 

















































































































































the time required for SDSl to completely shut down the re -
actor is approximately two seconds following the trip signal, 
and that of SDS2 is 11 seconds. Both systems can produce a 
reactivity reduction of at least 20 mK (2,41). For the above 
reasons, SDSl and SDS2 are used for short - term action only. 
The mechanism of the shutdown systems is very simple. The 
SDSl rods fall under gravity if the clutch has been de-
energized. The SDS2 acts by dumping the moderator from the 
calandria to the dump tank through the dump valves. Moder-
ator dumping will introduce enough negative reactivity to 
shut the reactor down. 
On the other hand (the ECCS case), the time required for 
the ECCS response from the time the activation signal is 
received to the time it provides the core with the needed 
coolant is definitely longer than that of the shutdown 
system activation. The equipment and the elements that are 
involved in the ECCS function to transfer and distribute the 
heavy water, are contributors to the overall availability of 
the system. There are a number of different types of valves 
that must be actuated by pressure differences or by the con-
trol system. These valves require about 15 seconds to open 
fully. There is a considerable length of piping to carry the 
heavy water from the moderator system to the points of in-
jection. There are pumps and motors involved; these pumps 
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need about 15 seconds after the valves are open to fill the 
emergency injection piping with the moderator coolant. 
The ECCS function may be needed for several hours or days. 
Therefore, the ECCS' availability is very essential for any 
accident causing LOCA for the CANDU-PHWR. 
5.2. System Description and Operation 
The emergency core cooling system (ECCS) of the CANDU-
PHWR consists of three connected systems designed to quickly 
provide sufficient emergency coolant to the core following a 
LOCA in the primary heat transport system. These systems are: 
1. Moderator system (MS) 
2. Emergency transfer line (ETL) 
3. Emergency core injection system (ECIS) 
The moderator system, in general, consists of five pumps, 
two heat exchangers, and necessary valves and piping, as is 
shown by heavy lines in Figure 5.2. The five moderator pumps 
are centrifugal pumps, each having a rated flow of 3000 Ipgm 
at a developed head of 105 psi. The driving motors are 
directly connected to the pumps' shafts. All of the five 
pump motors are connected to the class III electrical power 
system (see Appendix A). 
There is a check valve in the outlet line from each 






































































































































































































































































































































































































































































































































































































pumps are arranged in two parallel systems (two parallel pumps 
in one set and three parallel pumps in the other set). Each 
set of pumps is connected in series with one heat exchanger. 
The outlet of the heat exchanger is fed by dual lines to the 
main calandria inlet. The emergency primary injection is 
directly connected with the calandria inlet to provide emer-
gency coolant injection to the ECIS through the emergency 
transfer line. 
The emergency transfer line is a 10-inch carbon steel 
pipe which transfers the heavy water from the moderator circu-
lation circuit to the ECIS. This line is provided with two 
power valves to control the flow and to open when the pressure 
in the PHTS is equal to or less than 100 psi. These valves 
are of two types, a power modulated check valve, and a power 
gate valve. There is a pipe connected to the emergency 
transfer line and this connection leads from a c a pped end on 
the outside of the reactor building through a check valve. 
It provides a possible route to introduce ordinary water from 
a fire hydrant or from a mobile pump into the primary (de-
pressurized) system. 
The emergency core injection system is arranged to de-
liver heavy water that comes from the moderator system to each 
PHTS header (eight headers) by using the standby (shutdown) 








































































































































system pipes that distribute the emergency coolant to the 
headers are 10 inches carbon steel oipes with two isolation 
valves each (four standby cooling circuits in the reactor) . 
The intended function of the ECCS is to provide a large 
volume of water (3500 Igpm) to the reactor pressure tubes 
during the early post - accident period, following a LOCA . 
The ECCS is automatically activated upon r eceiving a Safety 
Injection Control System (SICS) signal according to the logic 
that was shown in Figure 4 . 5 . 
The Pickering heat transport system has two loops, as 
shown in Figure 3.1. The emergency injection system is 
arranged with connections from the moderator system to each 
standby cooling circuit, between the main isolation valves of 
the standby system. The ECCS is considered to be a low-
pressure injection system (100 psia). The check valves that 
are adjacent to the injection point will open when the 
pressure in the PHTS falls below 30 psia, allowing the emer-
gency flow to start. The ECCS recovers the lost water, 
cools it, and returns it to the reactor. 
5.3. ECCS Failure Analysis 
The failure of the ECCS in the CANDU-PHWR can be caused 
by one of two primary failures : 
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1. Failure that results in the ECCS not having been 
activated after the required parameters have been 
satisfied (see Figure 4.5) 
2. Mechanical failure in one or more of the ECCS' 
subsystems (ECIS, ETL, or MS) 
It is known from Section 4.5.2 that the ECCS will be 
activated by the SICS signals after a mechanical failure of 
the fueling machine. The containment high pressure parameter 
that is required for ECCS' activation will be reached 34 
seconds after the accident occurrence. If the CS high 
pressure signals, and the PHTS low pressure or flow rate 
signals have not been sent, the ETL's power gate valves will 
not open and the ECCS injection will not take place. 
The failure of the emergency core cooling system could 
lead to insufficient emergency coolant injection to the inlet 
headers after the occurrence of a fueling machine failure. 
To identify the sources of probable failure of the 
ECCS, the flow diagrams of the systems involved should be 
examined. Figure 5.4 illustrates the moderator system flow 
diagram that becomes part of the ECCS in the case of a LOCA. 
The flow diagram of the ECIS and the ETL are shown in Figure 
5.5 . 
Table 5.1 lists a glossary of the symbols that have been 

















































































































































































































































































SICS Safetv In i ection Control 
Sys teIP 
OW Ordinarv Water 


















TO O.H . 
SBCl PGV42 
TO I.H . 


















TO 0.H. TO I.H. TO I.H . TO O. H. 
---------------------------------
Figure 5.5. Emergency core cooling system flow diagram 
107 
Table 5.1. Glossary of the abbreviations and symbols used 
in Figure 5.4 
Symbol Abbreviation Meaning 
-Kl- CV Check Valve 
~ PMCV Power Modulated Check Valve 
C><l GV Gate Valve (manually) 
c*J PGV Power Gate Valve (open/ close) 
~ PMV Power Modulated Valve 
0 p Pump 
0 M Electrical Motor 
8 HEx Heat Exchanger SBC Standby Cooler 
L Line (pipe) 
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the basis for the fault tree of the ECCS. 
Before identifying the primary failures that could take 
place in the ECCS, some assumptions regarding the ECCS and 
the PHTS functions following a LOCA in the primary system 
should be noted. These assumptions are: 
1. The PHTS postulated accident that requires the 
ECCS function is assumed to occur in one loop 
(say loop #1). It is most unlikely that the two 
loops will each experience LOCAs simultaneously. 
2. It is assumed that the two isolation valves operate 
as designed (close) to isolate the two loops. 
3. Failure of one set of the moderator pumps (the 2 
parallel pumps or the 3 parallel pumps) will not 
cause ECCS failure. The capacity provided by two 
moderator pumps is enough to supply the affected 
loop and the calandria with the required coolant. 
The most significant events that could cause failure in 
the ECCS function and result in a transfer of insufficient 
emergency cooling to the headers can be listed as follows : 
I. Failure of the ECIS. This could happen because of 
any of the following failures (Figure 5 . 5) : 
A. Failure in both shutdown cooling lines, Ll 
and L2 . 
B . Failure in both check valves, CV41 and CV42. 
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C. Failure in the power gate valves of both sides 
of Loop #1, which includes PGV41 and PGV44. 
II. Failure of the emergency transfer line. This failure 
could occur because of (Figure 5.5): 
A. Single failure in any of the valves PMCVl, 
PGVl, or CVl, or 
B. a main pipe break. 
III. Failure of the coolant supply, which includes the 
following failures: 
A. Moderator system failure . Moderator system 
failure (MSF) may occur when there is not 
enough coolant flow to the reactor headers 
through the circuits discussed above. The 
moderator system includes several subsystems 
and equipment (Figure 5.4) which, if it failed, 
could cause system failure such as: 
1. Heat exchanger line failure. System 
failure could result from failure of both 
of the two heat exchangers' lines which 
include failure of gate valves, GVl and 
GV2. 
2. Failure of Line A and Line B. 
a. Line A failure if gate valve GV3 
fails or the three parallel lines 
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CL11 , L13 , and L15) fail all to-
gether. Every line of the three 
lines involves the following ele-
ments, failure of one of them could 
cause line failure, for example 
(line Lll). 
- The gate valve, CVll 
- The pump, Pl 
- The electrical motor, Ml 
b. Line B failure could happen if the 
gate valve GV4 fails or the two 
parallel lines (L12 and L14) fail 
together. Every one of these two 
lines involve the following ele-
ments, failure of one of them could 
cause line failure . Line L12 is an 
example: 
- Gate Valve GV12 
- Pump Failure P2 
- Electrical Motor M2 
c. Failure of Service and Colillllon Valves. 
"Common Valves" are those valves that 
control the connections between the 





to the sys tern. "Service valves" 
are those valves that control the 
flow that comes from the service 
facilities of the reactor, like the 
heavy water that comes from the 
fueling machine's vaults, the boiler 
room floor, calandria vault, moder-
ator return, and the emergency 
calandria drain and return . 
i. Failure of Line A service and 
common valves: 
- Service valves (GVll and 
PGV31) 
- Common Valves (PGV21 and 
PMV21) 
ii. Failure of Line B service and 
common valves: 
- Service valves (GV12 and 
PGV34) 
- Common valves (PGV22 and 
PMV22) 
water supply failure. Failure of the 
water supply, which is connected 
the reactor, could result from one of 
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the following causes: 
1. Failure of check valve CVO closed 
2. Main pipe break 
3. Ordinary water unavailable 
IV. Failure in the SICS. Safety injection control 
system (SICS) failure will result in the ECCS not 
being activated. This failure can be related mainly 
to an instrumentation failure. The SICS failure 
takes place if both of the following fail (see 
Figure 4.5): 
- The low coolant flow rate detector, or 
- The low coolant pressure detector 
and the failure of 
- The high containment pressure detector. 
5.4. The Backup System 
The emergency core cooling system of the CANDU-PHWR is 
supported by a backup of 8,536 ft 3 of heavy water moderator 
in the calandria (note that the volume of the PHTS main 
circuit is 4,600 ft3 only). This large inventory of cold 
heavy water surrounding the fuel channels (pressure tubes) 
provides a potential heat sink following a loss-of-coolant 
accident, if the flow of the emergency coolant injection to 
any of the channels, for any reason, is delayed or impaired. 
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The moderator inside the calandria is surrounded, also, by a 
light water shield. Both of these two large heat sinks (the 
heavy water and the light water) are provided with redundant 
cooling systems, as shown in Figure 5.6. 
To estimate the reliability of the heavy water moderator 
in the calandria as a heat sink, one needs to study the moder-
ator system itself. A brief description of the moderator 
system is presented in Section 5.2. The calandria is a hori-
zontal austenitic steel cylindrical vessel, 27 ft., 1 inch in 
length, 26 ft., 6 inches outside diameter, and one inch 
thick. It provides containment for the heavy water moderator 
and reflector. To dump the moderator from the calandria, 
there are four rectangular dump ports located near the bottom 
of the vessel and connected to the dump tank. The moderator 
system is provided with five pumps, two heat exchangers, and 
the required pipes and valves. These pipes are dual outlet 
pipes from the calandria, which feed a horizontal pump suction 
header. Cooled heavy water enters the calandria through dual 
lines. Under normal operations, the calandria is full of 
moderator. A cooling flow of about 8900 Igpm is provided to 
the calandria by the main inlet, and 2060 Igpm by the spray 
nozzles on the top of the vessel. 
At full power, the heat input to the moderator circuit 








H. W. PHTS 1 
L.W . =LIGHT WATER 
H.W . = HEAVY WATER 
2 




Figure 5.6. The two large heat sinks that surround the fuel 
channels of CANDU-PHWR 
llS 
system are rated at 46 MW each. This means that the heat 
removing capability of the two heat exchangers is 92 MW. By 
knowing the total thermal heat that is produced by the re -
actor fuel at full power, which is 1743 . Sl MW (2), the heat 
removal capability of the moderator system can be calculated 
as 
92 x 10-2 1743.51 = s. 28 
or ~S.3% 
From what has been discussed, the ECCS in the CANDU-PHW 
reactors does not constitute the final defense against core 
meltdown (as is the case in LWR) in the case of a large LOCA. 
In other words, the moderator in the calandria as a large 
dispersed heat sink, has a long term heat removal capability 
equal to~ S% of the nominal oower . This serves as a diverse 
backup system for the ECCS. 
S.S. ECCS Failure Sequences 
As was emphasized in the previous section, the probability 
of the occurrence of core melt accidents in the CANDU-PHWR 
is very small. The most probable consequence of ECCS failure 
is the melting of the fuel sheath. Therefore, the thermal 
behavior of the 390 fuel channels following LOCA combined 
with unavailability of the ECCS, is a point of concern in 
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this section. To study the thermal behavior of the fuel, the 
pressure tube needs to be studied in detail. Figure 5.7 
is a schematic of three fuel channels in the Pickering re-
actor, showing that the pressure tubes pass through the 
calandria tubes and are joined to the steel end fittings . 
The end fittings provide entry and exit connections, both 
to the primary heavy water coolant, and to the reactor 
fueling system (by the two fueling machines). 
The fuel assemblies consist of bundles of cylindrical 
elements made up of compacted and sintered natural uo 2 
pellets in Zircaloy sheaths. There are 12 bundles of fuel 
in a channel for a total of 1.3104 x 105 fuel elements per 
a core. Table 5 . 2 lists some specifications and dimensions 
of the fuel used in Pickering NGS. 
Some explanation may be useful in understanding the 
mechanism of sheath failure following a LOCA . As a result 
of a temperature increase of the fuel, some fission product 
gases are released through cracks that appear in the uo 2 
pellets during operation. This gas release will build up 
a pressure inside the Zircaloy sheath. The fuel elements 
are designed to limit such pressure to values near the 
coolant pressure . Therefore, there is no pressure differ-
ential across the fuel sheath, during normal operation . 








































































































































































































Table 5.2. Some specifications and dimensions of the 28-
element fuel bundle (2,26) 
Fuel specification 
Length of bundle, cm 
O.D. of bundle, cm 
Weight of bundle, kg 
Sheath O.D., cm 
Sheath thickness, cm 
uo2 diameter, cm 
Max. U02 temperature, 0 c 
uo2 melting point, 0 c 
Max. sheath temperature, 0 c 
Sheath melting point, 0 c 
Coolant temnerature inlet, 0 c 
Coolant temperature outlet, 0 c 
Pressure tube cross-sectional area, 
2 Coolant flow area, cm 
















83 . 9 (13.010 . 2) in 
33 . 2 (5 . 146 . 2) in 
50 . 7 (7 . 864 . 2) in 
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drop from 1280 psia to atmospheric in 100 seconds (for the 
header failure) (16). The pressure differential across the 
fuel sheath will increase, the sheath temperature will in-
crease too, as a direct consequence of the LOCA. The sheath's 
failure is a function of both coolant pressure and sheath 
temperature. After a certain point (>1210°C), the sheath 
may swell or even melt, and may block the coolant passages, 
and prevent further cooling. 
It was found experimentally (26) that the pressure tube 
will sag onto the calandria tube approximately 90 seconds 
after the end - of - blowdown (EOB), and the bundles will slump 
onto the pressure tube approximately 3 minutes after the EOB. 
These experiments were done for blowdown conditions following 
a LOCA produced by 25% inlet header break, with no ECCS 
flow available. Figure 5.8 shows the fuel and the sheath 
temperatures versus time after LOCA experiments. 
The most severe consequence, as a result of a fueling 
machine failure causing a small-size LOCA to the PHTS, is 
melting of the fuel sheaths in the affected channel (the 
coolant channel that is under fueling). There is good possi-
bility of sheath melting or swelling in that channel, es-
pecially if the tube under fueling is in the central area of 
the core (where the heat flux is at its maximum), specifi-









1 2 3 4 s 6 7 8 9 10 11 t2 13 14 15 
Tme aitet EOB. min. 
Temperature " ilh normal bundle 
<"onfiguration. 
Sagged pressure tube - slumped bundle 
configuration. 
TC"fwx 
1 2 3 4 s 6 7 8 9 10 11 12 13 14 15 
T me after EOB. mon. 
Temperatures with slumped bundle 
configuration after .3 minutes. 
T ,- fuel temperacure, Ts - sheath temperature; TPT- pressure tube temperature; TCT-
calandria tube temperature. Subscripts - 1-4 . inner to outer fuel element rings; i : inner 
pan of sheath on a fuel ring , o outer pan of sheath on a fuel ring. 
Figure 5.8. Fuel and sheath conditions versus time, after 
blowdown with unavailability of the ECCS flow 
(26) 
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Under no circumstances is core meltdown expected from a 
fueling machine failure, and the probability of radiation 
release is, thus, negligibly small. 
5.6. ECCS Mechanical Failure Fault Tree 
The fault tree for the ECCS, for the case of insuf -
ficient emergency coolant injection to the core of the 
CANDU-PHWR following the postulated mechanical failure of 
the fueling machine, is shown in Figure 5.9. 
The reason for considering emergency injection for only 
one PHTS loop in the fault tree analysis (Figure 5.9) is 
that it is unlikely that the emergency injection function is 
needed simultaneously for the two loops . In case of acti-
vation of the emergency core cooling system the coolant will 
be directed into all the reactor headers regardless of which 
contains the break. However, it is most likely that only 
one loop will be affected by the LOCA (195 fuel channels 
will suffer from overheating, caused by the coolant shortage). 
This is true unless, in the least probable situation, there 
is an occurrence of two LOCA events at the same time. This 
cannot happen except in the case of sabotage or in the case 
of an operator error leading to failure to isolate the 
affected loop from the other by leaving one of the two 





























































































































































































































FAILURE IN SIDE "A" 
OF THE ECIS 






Fi~ure 5 . 9 continued. 
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Figure 5.9 con tinued. 
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6. COMPUTER CODE APPLICATIONS AND RESULTS 
6.1. Introduction 
The computer code package that was used in this study 
consists of two sets of comnuter codes: The PREP code and 
the KITT code (42). The PREP and KITT corn~uter programs are 
written in Fortran IV and are intended to be used for the 
evaluation of the fault trees which have already been con-
structed. 
The PREP code is designed to accept an input description 
of the system's fault trees, generate the appropriate logical 
equivalent, and obtain the system's minimal cut sets. The 
components of the fault tree are the primary events and the 
too of the tree is the event caused by the primary events. 
The top of the tree here represents a system failure oc-
curring. For this tyoe of fault tree, the minimal cut sets 
obtained by PREP are the "occurrence mode" by which the top 
event occurs. A minimal cut set, in other words, is the 
smallest set of system components which, when failing , will 
cause the system to fail. The minimal cut sets can then be 
used by the KITT code to obtain reliability information 
about the system. 
The PREP code is composed of two sections : TREBIL reads 
the input variables (the failure intensity and the repair 
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time) of the components of the systems that are represented 
in the fault trees, and generates the logical equivalent of 
these trees, and MINSET obtains the minimal cut sets 
of the tree. 
The KITT code consists of two sections: KITT-1 and 
KITT-2. KITT-1 can handle components which are nonrepairable 
or which have constant repair time t. The failure rate ( A) 
of each component, in this case, is assumed to be constant 
with respect to time. Beside A and t for each component, 
KITT-1 requires, as input, the unique minimal cut sets of the 
fault tree. 
Having obtained the minimal cut sets, KITT-1 is then 
used to obtain the probability of the top event occurring . 
For KITT-1, each primary event is treated as an inhibit con-
dition with the probability of occurrence equal to P .. 
]. 
The probability characteristics that are obtained from 
running the KITT code are : 
1 . The unavailability . 
2 . The reliability . 
3. The expected number of failures . 
4 . The failure rate at time t . 
5 . The failure intensity A , at time t . 
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6.2. Data Analysis 
After constructing the fault trees for both the fueling 
maching interface failure and the ECCS unavailability (in 
Chapters 4 and 5), some data are required for running the 
PREP code. The needed input data are the components failure 
rates (Lambdas) and repair times (Taus) . 
Failure rate is the expected number of failures of a 
given type, per item, in a given time interval. It is normally 
stated as failures per hour, and ranges from 10 - 4 to 10-8 for 
the components of interest. The mean failure rate can be 
estimated as 
n number of failures 
A = = t working time (6-1) 
where A is the estimated number of failures per unit time 
(mission time, hours), n is the number of failures, and 
n 
t = E 
i = 1 
t. 
l 




If the failure rate is estimated from a very large number of 
~ 
identical components, then A+ A, and 
N 
A = t (6-4) 
To obtain the failure rates for certain components in 
the reactor, there are many sources. References (43,44,45) 
provide a wide range of data for different failure modes of 
component failure rates. 
Besides considering the failure rates of the components, 
human errors were given an equivalent attention. The operator 
interaction with the equinment and switches is very important, 
as indicated by the TMI-2 accident. Most of the studies and 
the renorts that addressed the TMI-2 accident sequences have 
shown that the accident would not have happened if the 
operators acted properly. Therefore, the operator errors are 
presented in the fault trees of this study and assigned their 
values as primary events. "Handbook of Human Reliability 
Analysis with Emphasis on Nuclear Power Plant" (46) is the 
reference that was used to obtain the human failure rates. 
This book was published in April, 1980 (three years after the 
accident occurrence) . Upoer bounds of the human failure rates 
were selected to assure a conservative estimate of the top 
event parameter calculations. These data need some justifi-
cations to fit the apolication, accountin~ for the operation 
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conditions (pressure, liquid density , etc . ) and the location 
of the components in the reactor's circuit. 
In general, most of the data that are used in these 
sources are from industrial experience. The industrial bounds 
represent the extreme minimum and maximum values obtained 
from the raw industrial source inputs. The nuclear values 
that were considered from current nuclear experience in 
WASH-1400, for the LWRs, are within the bounds of the in-
dustrial values (mainly close to the means). For the heavy 
water reactors, information on most of the values is provided 
in the reference (45), "Reliability and Maintainability 
Manual." This manual is prepared by Atomic Energy of Canada 
Limited and aimed particularly at nuclear process systems. 
This source will be used as a main reference for the data 
needed in this study. Other sources will be used for the 
data that are not available in the original manual. In 
this case, some justification is needed to make sure of the 
applicability. 
After knowing the failure intensity, the failure proba-
bility for constant A is given by: 
Q = 1 - - At e (6-5) 
and the reliability of a single component is given by the 
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exponential probability function: 
(6-6) 
But, for reliable systems or components, where the 
failure rates are small, and the mean time between failures 
(l/ A) is much larger than the operation time t, or, in other 
words, where 
(6-7) 
the reliability can be approximately given by: 
R( t) :: 1 - At (6-8) 
The failure probability or unreliability (UR) can be calcu-
lated as 
Q = UR = 1 R(t) 
:: 1 - (1- t) 
:: A t (6-9) 
Both test and maintenance activities make important 
contributions to component or group of components, unavaila-
bility. Unavailability for these events is simply the fraction 
of time these components are unavailable, because of testing 
or maintenance. The test unavailability can be obtained by 
multiplying the test-duration by the test frequency . The 
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unavailability due to maintenance is similar to that of 
testing, except the frequency of maintenance after failure is 
a random variable in time instead of a fixed constant (47). 
Maintenance includes waiting time, actual repair time, and 
any administrative control time. 
The unavailability of the system, because of test or 
maintenance, is not treated in this study. Fueling machines 
are maintained and tested while they are in the "Parked mode", 
or when they are not in the fueling process and connected to 
the PHTS. There is about 16 hours every day that the fueling 
machines are not in operation, and they are available for 
maintenance and test. Therefore, maintenance and test un-
availab~lity data for the fueling machine are not needed in 
the reliability assessment presented in this chapter. It 
might be useful to consider the test and maintenance unavaila -
bility of the ECCS components in the ECCS unavailability 
calculations. The moderator pumps or valves, and the emergen-
cy transfer lines' valves, might be unavailable in time of 
LOCA, where emergency cooling is needed. Such data, 
however (test time and maintenance time for the components 
of interest), which is operating type data for CANDU - PHWR, 
are not available . The calculations would be more accurate 
if such data could be obtained from the operator source of 
these reactors (Ontario Hydro). 
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The WASH-1400 report is considered the most accurate 
reference for the data required to perform the fault tree 
analysis (failure rate and repair time, specifically) of 
the LWRs. Most of the component failures that are presented 
in WASH-1400 were originally obtained from industrial experi-
ence. The nuclear reactor designers and the safety engineers 
have been deoending on WASH-1400 for almost 6 years in their 
systems analysis. Mainly, there are no major differences 
in the reliability of the pumps, valves, or the pipes that 
are used for a given pressure in different systems. Data 
justifications are always required even if they are used 
for components in the LWRs. The density of heavy water and 
light water are almost the same, especially for the high 
pressure. The coolant pressure of CANDU reactors, and that 
of LWRs are within the same range. For these reasons, WASH-
1400 data can be used for CANDU-PHWRs with no restrictions. 
The failure rates and the repair times of the CANDU-PHWR's 
components would precisely be within the two ranges (upper 
and lower bounds) that are given in the WASH-1400 tables . 
The "Reliability and Maintainability Manual" (45), that is 
issued by the Atomic Energy of Canada Limited, will be used 
as a main source for the cornoonents failures data . Some 
references (43,44) were used to assure more accuracy, and to 
support the above men t ioned data source . 
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In the following part of this chapter, fault tree 
analysis will be used to quantitatively estimate the failure 
probability of the fueling machine interface and the unavaila-
bility of the ECCS. Figure 6.1 shows the important elements 
in the quantification procedure used in constructing the 
fault trees. 
6.3. Fueling Machine Failure 
Probability Calculations 
A fault tree for failure of the fueling machine inter-
face was constructed and is presented in Figure 4.11. The 
flow diagram of the fueling machine interface was shown in 
Figure 4.2. For purposes of failure rate and repair time 
selection, the fueling machine interface flow diagram can be 
divided to two parts. One part is under high pressure and 
another is under low pressure. The pipings and components 
that are between the fueling machine magazine and the fueling 
machine pumps header (called section "A" later) are exposed 
to a coolant pressure of 2400 psia. The pipes and elements 
that are between the heavy water tank-bleed cooler and the 
pumps suction header (called section "B" later) are under 
low coolant pressure. The estimated failure rates and the 
repair times of the components for both sections in the 
fueling machine are listed in Table 6.1 . These data were 
used as input for the PREP codes . 
146 
FAULT- TREE 
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Having obtained the minimal cut sets from the PREP code, 
the KITT-1 code was then used to obtain the failure proba-
bility characteristics associated with the postulated me-
chanical failure of the F M/C interface fault tree. The 
results from KITT-1 are shown in Appendix C. From the output, 
81 minimal cut sets were obtained. The quantity Q is called 
the minimal cut set failed probability. Examination of the 
Q for each of the minimal cut sets of the fault tree will 
determine the critical minimal cut sets, those with the 
largest Q, by which the system is most likely to be in a 
failed state. 
It was found that minimal cut set #1 (Appendix C) is 
the critical minimal cut set, with a failure probability of 
-5 1.08 x 10 . This minimal cut set consists of one component 
(FPPL009R) , which is the failure of the oi~e connecting the 
heat exchangers header and the magazine of the fueling machine. 
This minimal cut set makes the highest contribution to 
the fueling machine interface failure. 
A summary of results obtained from the KITT-1 code run 
are tabulated in Table 6 . 2 . The program output symbols that 
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T = t, time (in hours) 
Q = q ( t) J the system failure probability 
w = W(t), the system failure rate (per hour) 
WSUM = the expected number of failures to time t 
FSUM = the probability of one or more failures to 
time t 
The overall failure probability of the fueling machine 
that could produce a small-size LOCA has been calculated as: 
1. 08 x 10-5 
The above failure probability shows good reliability of the 
Pickering NGS fueling machine. From Table 6.2, the fueling 
machine will fail 2.16 x 10-4 times every 720 hours (one 
month). The probability of one or more failures per year is 
2.59 x 10- 3 calculated as follows! 
8640 
-f3.00 x 10- 7 dt 
FSUM = 1 - e o 
6.L~. The ECCS Unavailability Calculations 
A fault tree of the ECCS mechanical failure with "insuf-
ficient emergency coolant injection to the core" as the top 
event, was constructed and is presented in Figure 5.9. The 
flow diagrams of the moderator system and the ECIS and ETL 
are shown in Figures 5 . 4 and 5.5, respectively . The emergen-
--- --~------------~ 
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cy core cooling system operates at a low pressure (the moder-
ator system pressure) which is always equal to or less than 
100 psia. Therefore, the use of the median value within the 
failure rate range is believed to be justified in this case. 
The failure rates and the repair times for the primary events 
of Figure 5.9 are listed in Table 6.3, and were used as input 
data for the PREP codes. The output of the PREP code was then 
used as an input for the KITT-1 code. As previously described, 
the minimal cut sets were obtained from the PREP code, and 
then the KITT code was used to compute the ECCS unavailability 
following the small LOCA that is produced by the fueling 
machine failure. The results from KITT-1 are shown in Ap-
pendix C. From the output, 218 minimal cut sets were obtained. 
Minimal cut sets #6, 8, and 12 were found to be the critical 
. -3 
minimal cut sets with failure probability of approximately 10 . 
These minimal cut sets consist of the following: HMVMVOOX, 
TMVGVOlX, and TMVCVOlX (one component per set), respectively. 
These components are power operated valves, and the failure 
mode is due to o~erator error closing these valves which will 
result in no emergency coolant going to the core after the 
F M/C failure takes place. These minimal cut sets represent 
the higher contribution to the ECCS unavailability. 
Summarized output of the KITT-1 code is presented in 
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The unavailability of the ECCS to supply sufficient coolant 
to the core is estimated as: 
3.63 x 10-3 
This failure probability (unavailability) of the ECCS, 
is relatively high compared to a failure probability target 
of 10- 3 that is specified by the AECB, for the safety systems 
of CANDU-PHWRs. 
This higher failure probability is probably produced 
because of using the upper bound of the human error. It is 
clear that, before the TMI-2 accident occurrence, operator 
errors were not assigned failure rates this high. 
From Table 6.4, the ECCS will fail 2.2 times every 720 
hours of operation. The probability of one or more failures 
per month is about 89%. The probability of one or more 
failures for 8 hours ECCS' operation (approximately the 
average time that the emergency coolant is needed) is 2.43 x 
10-2 calculated as follows: 
FSUM 
8 
-f 3.06882 x 10-3 dt 
\.) = 1 - e 
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6.5. The Postulated Accident Combined With 
Safety Systems Failure 
In this section, the fueling machine failure sequences 
will be examined considering the entire system interaction. 
The accident sequences resulting from partial failure of the 
safety systems will be predicted using the event tree tech-
nique to estimate the system reliability. 
The event tree is a logic method used to identify the 
possible outcomes of a given event which is called the "initi-
ating event". The number of possible final outcomes depends 
upon the apnlicable options following the initiating event. 
A particular sequence from the initiating event to a final 
outcome is termed an "accident sequence". The initiating 
event in this study is the fueling machine interface failure. 
The final outcome differs according to the assumed failures 
of the safety systems. 
The failure probability of the fueling machine interface, 
and the unavailability of the ECCS were computed in Sections 
6.3 and 6.4, respectively. The failure probability (unavaila-
bility) of both shutdown systems 1 and 2 (SDSl and SDS2), are 
given as 10-3 (an unavailability of less than 8 hours per 
year) (48,49). 
The application of the event tree requires determination 
of which systems might affect the subsequent course of events. 
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These are: 
1. Shutdown System No. 1 (SDSl) 
2. Shutdown System No. 2 (SDS2) 
3. Emergency Core Cooling System (ECCS) 
The above systems are ordered this way according to the 
time sequence in which they influence the course of events 
across the top of the event trees. The upper branch of the 
event tree represents success, and the lower branch repre-
sents failure of the system to fulfill its function. The 
probability of failure of each system is indicated by the P 
values; the probability of success is (1-P). Since the 
failure probability is always ~ . l, it is common practice to 
approximate (1-P)~l. The failure probability values and 
symbols are tabulated in Table 6 . 5 for the safety system 
failures and the occurrence probability of the postulated 
accident (fueling machine interface failure) . 
The event tree of the fueling machine interface failure 
sequences is shown in Figure 6 . 2 . From the event tree, double 
failures and triple failures will be calculated . Double 
failure means failure of the protective devices to operate 
when the process equipment fault occurs . Triple failure 
means failure of the protective devices and the ECCS as well 
as the process equipment (50 ,24) . 
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Table 6.5. The failure probabilities of the safety systems 
and the postulated accident 
Probability Probability 
symbol value Meaning 
PA 1.08 x 10-5 Fueling machine failure 
probability 
pl 9.26 x 10-4 SDSl failure probability 
p2 9.26 x 10-4 SDS2 failure µrobability 
P3 3.63 x 10-3 ECCS failure probability 
p Accident sequence final 
outcome (will be calcu-




























































































































































































































6.5.1. Double failure calculations 
From the above definition of the double failure (and 
assuming system independence), the following probabilities 
can be calculated as: 
PDAl = PAP1 (1-P 2)(1-P3) = 9.96 x 10-
9 
PDA2 = PAP 2(1-P1)(1-P3) = 9.96 x 10-
9 
PDA3* = PAP3 (1-P1)(1-P2) = 3.91 x 10-
8 
6.5.2. Triole failure calculations 
The µrobabilities of triple failures for the CANDU-PHWR 
can be calculated as: 
PTA13 = p Aplp3 (l-P2) = 3.63 x 
10-11 
PTA23 = PAP2P3 (1-P1) = 3.63 x io-11 
PTA12**= PAP1P2 (1-P3) = 9.23 x 10-
12 
*This failure is not considered to be a double failure 
according to the AECB Document #13 (50). 
**This failure is not considered to be a trinle failure 
according to the AECB Document #13 (SO). 
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7. CONCLUSION AND RFCOMMENDATIO~S 
7.1. Conclusion 
7.1.1. Fueling machine failure 
1. The failure probability of the fueling machine inter -
face was calculated as 1 . 08 x 10 - 5 . This low proba-
bility indicates a good reliability of the on-load 
fueling machine of the CA..~DU-PHWRs. 
2. Because of the discontinuous operation, there is 
enough time for testing and maintaining the F M/C, 
without interrupting the system. Not considering 
the test and maintenance unavailability in the 
failure probability calculations resulted in a higher 
estimate of the overall reliability of the fueling 
machines. 
3. Failure of the fueling machine cannot cause LOCA 
for the PHTS unless the fueling machines are 
connected to the coolant channels and observing 
refueling. 
4. The probability estimation of one or more failures 
to time t, for the fueling machine is presented in 
the nrobability curve, shown in Figure 7.1. If it 
is assumed that the fueling machine is in operation 
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Figure 7.1. Probability of one or more failures to time t 
for the fueling machine interface 
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one or more failure , in any day, can be found from 
the curve (or by calculation) as 2.10 x 10- 6 which 
is satisfactorily low. 
5. The expected number of failures of the fueling 
machine in every day operation is as low as 2.10 x 
10- 6 . 
6. Havin~ only one pipe connection, between the inter-
face piping and the magazine of the fueling machine 
(pipe L009) in Figure 4.2 was found to be the main 
contributer, to the overall failure probability of 
the F M/C. 
7.1.2. _The ECCS unavailability 
1. The unavailability of the ECCS or the probability 
that sufficient coolant has not been transported to 
the reactor headers following LOCA resulting from 
the fueling machine failure, is calculated as 
3.63 x 10- 3 . This orobability is relatively high 
(~4 times higher) compared with the value that 
is given by the AECB ( 1 x 10-3 ) as a maximum 
accepted value for the safety systems unavaila-
bility. The following points can be concluded 
from studyin~ the ECCS performance: 
2. The ECCS is not the last defense against the LOCA, 
as it is the case for LWRs. Availability of quite 
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large amounts of moderator in the calandria (around 
the pressure tubes), provides an adequate heat sink 
and serves as a backup system for the ECCS. Core 
melt is not exoected in the CANDU-PHWR following 
LOCAs. Fuel sheath melt is the maximum exnected 
sequence that may take place followin~ a large size 
LOCA occurrence. 
3. Using the moderator system's pumps and coolant, 
although it is economically the best choice, has the 
following disadvantages: 
- Unavailability of the ECCS injection, whenever 
the moderator coolant or pumns are not available. 
- The ECCS pressure is limited to the Moderator 
low pressure (~100 psi), which will result in no 
emer~ency coolant injection unless the pressure 
in the PHTS is 230 psi . 
This delay in emergency injection could cause 
overheating of the fuel following medium or small 
size LOCA, where the PHTS cannot be deoressurized 
fast enough . 
4. The probability of one or more ECCS failure to time 
tis nresented graphically in Figure 7 . 2. If it 
is assumed that the average need for the ECCS 
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Figure 7 . 2. Probability of one or more failures to time t 
for the ECCS 
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probability of one or more failure occurrE'nce, 
every time the ECCS is needed, is 2.43 x 10- 2 . 
This failure probability is not satisfactorily low. 
The expected number of failures of the ECCS 
injection, every time it is used (say for 8 hours), 
is as low as 2.45 x 10- 2 , or 5 times every 200 
times the ECCS is used. 
5. The following minimal cut sets were found to be 
the critical minimal cut sets for the ECCS fault 
tree (Figure 5.9), with failure probability of 
10-3 (Appendix C) , 
- Set #6 includes the component HMVMVOOX 
- Set {f 8 includes the cornoonent TMVGVOlX 
- Set #12 includes the component TMVCVOlX 
Both components TMVGVOlX (valve PGVl) and component 
TMVCVOlX (valve PMCVl) in Figure 5.5 were closed 
because of human error (operator error) . This 
shows the importance of operator error in 
increasing the failure probability of the ECCS. 
Component HMVMVOOX (PMVO) indicates the blow off 
valve of the secondary side of the steam generator 
closed due to operator error. 
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7.2 Reconnnendations 
1 . A study needs to be conducted , to assess the probability 
that the heavy water moderator, in the calandria, is 
not available, combined with ECCS failure. Most of 
the Canadian studies rely on guaranteed availability 
of the moderator coolant in the calandria, which may 
not be the case. 
2. If, for some reason, the SDSl is not available, the di-
rect logic in the CANDU-PHWR results in activation of 
SDS2 (which is dumping the moderator from the calandria 
to the dump tank). This will result in ECCS backup 
system unavailability. Some studies are required to 
find out the possibility of pumping the moderator to 
the calandria before the fuel gets overheated following 
LOCA occurrence. 
3. It has been noted from the F M/C fault tree, that adding 
more check valves between the F M/C pumps header and the 
F M/C magazine will improve the reliability of the 
fueling machine interfaces . Studies are needed to find 
where, and how many valves need to be used to minimize 
the LOCA consequences , 
4. Some work is needed to determine the feasibility 
of providing valves for all of the coolant channel 
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feeder pipe inlets and outlets. LOCA sequences that 
may result from pressure tube failure (or F M/C failure), 
can be avoided by using O~/OFF valves . These valves 
should be closed for the affected channel, to prevent 
flow from the inlet header, or the reverse flow that 
may come from the outlet header. The fuel bundles' 
integrity can be guaranteed by discharging the fuel from 
the channel to the receiving F M/C . 
5. The operator errors have a very important contribution 
to the ECCS unavailability figure as presented in 
Section 7.1.2. This tends to support the new trend 
(especially after the TMI-2 accident) of improvin~ the 
operator training and providine the operator with all 
the required data about the plant conditions in a 
clear and reliable way . The human error, because of the 
human-machine interaction required to ooerate the 
reactors, needs more attention and detailed experimental 
study. It was intended, in this study, to assign the 
upper bound values for operator error rates , and it is 
sugg ested that this should be the case for any fault 
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9. APPENDIX A: CANDU-PHWR SYSTEM 
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9.1. CANDU-PHWR Data 
The most important features and principles of CANDU-
PHWRs are presented in this appendix. 
Figure 9.1 
Figure 9. 2 
Figure 9.3 
Figure 9.4 








The 28 element fuel bundle of 




The feeders and headers arrange-
ment at each end of the reactor 
Boiler section of CANDU-PHWR 
Cutaway of reactor building 
Vacuum building and relief duct 
Vo:umes in heavy water system 
Station heat balance 
Boiler data 
Division of safety systems in two 
groups to protect against common-
m0de events 
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Table 9.1. Volumes in heavy water system 
Moderator System 
Moderator volume in filled calandria 
Moderator volume in calandria at minimum 
critical level (200 cm below calandria 
centerline) 
Dump tank volume (gross) 
Dump tank volume, to level of 16-inch 
helium pipe 
Total usable dump tank volume below damp 
ports, including connections between 
calandria and dump tank 
Volume of moderator in full calandria 
above dump ports 
Volume of moderator system external to 
calandria and dump tank 
Total volume of heavy water in moderator 
system, with no reserve in dump tank 
Primary Heat Transport System 
8,536 ft3 
2,383 ft3 
9,130 ft 3 
8,940 ft3 
9,340 f t 3 
6,820 f t 3 
572 f t 3 
9,068 f t 3 
Volume of main circuit 4,600 ft 3 
Volume of standby circuit 152 ft 3 
Volume of auxiliary circuits (at normal level 
in bleed condenser) 652 ft 3 
Total volum~ 5,404 ft3 
Total heavy water required to fill system 
(including 250 ft3 in storage tank) at 
operating conditions 315,400 lb 
Total heavy water required to fill system 
(including 250 f t 3 in storage tank) a t 
130°F 386,900 lb 
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Table 9.2. Station heat balancea 
Heat produced in fuel channels 
Heat loss from fuel channels 
Net heat output from fuel channels 
Heat loss from primary circuit outside 
reactor 
Pumping energy appearing in primary 
circuit 
Net heat supplied by primary circuit 
Heat produced in moderator 
Heat produced in calandria tubes 
Heat produced in rest of calandria 
structure 
Heat produced in dump tank 
Heat transferred from fuel channels to 
moderator 
Total heat normally appearing in 
moderator circuit 
Maximum heat produced in adjuster rods 
Maximum heat produced in absorber units 
Extra heat in moderator due to 28 mk of 
boronc 
Heat produced in thermal shields 
Heat produced in end shields 
Heat produced in concrete shields 
Total heat produced in shields 
Total heat from reactor fuel 
(1652.41 + 89.6 + 1.5) 
Heat transferred to secondary circuit 
Heat losses in secondary circuit 
outside turbine cycle 
et heat input to turbine cycle 
Turbine cycle efficiency 
Generator output 
Heat removed by condenser cooling water 
Station power requirements 
Net station output 

















bThe value 2.4 includes the 0.3 value. 










Table 9.3. Boiler data 
Performance 






Reheater drains return flow 
Reheater drains temperature 
Heavy water flow 
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Heavy water inlet temperature 
Heavy water outlet temperature 
Heavy water pressure at boiler inlet 
Heavy water pressure at boiler outlet 
Recirculation ratio (minimum) 
Moisture in steam wt % 
Physical 
Height (overall including steam 
head) 
Diameter - heat exchanger 
- steam separating head 
Thickness of tube sheet 
Number of tubes per boiler 
Diameter of tubes 
Wall thickness of tubes 
Total length of heat transfer 
tubing per boiler 
Total length of heat transfer 
tubing per boiler - boiling 
Total length of heat transfer 
tubing per boiler - preheating 
Dry weight 
12 
6 1 459,387 lb/hr 
593.3 psia 
485°F 











46 ft 7 in 
5 ft 8-1/4 in 0. Dia 
8 ft 2-3/8 in 0. Dia 
11.125 in. 
2600 







Table 9.4. Division of safety systems in two groups to 
protect against conunon-mode events 
Group 1 
Shutdown system No. 1 
ECCS 
Control systems 





Shutdown system No. 2 
Containment system 
Emergency power supply 
Emergency water supply system 
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Table 9.5. Comparison of SDSl and SDS2 
Shutdown (SD) 





- 10 mK 


















9.2. CANDU-PHWR Requirements in Using 
Two Shutdown Systems in the Reactors 
9.2.1. Licensing requirements 
Pursuant to Section 10 Subsection (4) of the Atomic 
Energy Control Regulations SOR/74-334 the Atomic Energy 
Control Board gives notice of the following requirements 
for protective shutdown systems in nuclear power reactors. 
1) All nuclear power reactors licensed for construction 
in Canada after January 1, 1977 shall incorporate two 
independent protective shutdown systems unless other-
wise approved by the Board. 
2) The quality of the detailed design, construction, 
connnissioning, testing, maintenance and operation of 
each protective shutdown system shall be at least 
equal to the quality expected of the protective 
shutdown system in plants licensed for operation prior 
to January 1, 1976. Compliance with applicable codes, 
standards and practices in effect at the time of 
licensing will be required. 
3) The protective shutdown systems shall be of diverse 
design and each shall be physically and functionally 
separate from the other, from process systems, and 
from other special safety systems. 
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4) The applicant for an operating license shall show by 
analysis, adequately supported by experimental 
evidence that when protective shutdown action is 
necessary, the combined action of the two protective 
shutdown systems is not required to prevent the 
consequences of a failure from exceeding those shown 
in Table 9.6. This requires that the applicant show 
that: 
i) the consequences of all serious process 
failures can be limited by at least one of 
the two protective shutdown systems acting 
alone to shut down the reactor to less than 
those shown in Table 1 for Class 1 failures, 
assuming proper operation of the containment 
and emergency core cooling system; 
ii) the consequences of all serious process 
failures can be limited by each of the 
protective shutdown systems acting alone to 
shut down the reactor to less than those shown 
in Table 9 . 6. for Class 2 failures, assuming 
proper operation of the containment 
and assuming unavailability of the emergency 
core cooling sy stem ; 
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iii) the consequences of all serious process 
failures can be limited by each of the 
shutdown systems acting alone to shut down 
the reactor to less than those shown in 
Table 9.6. for Class 2 failures, assuming 
proper operation of the emergency core 
cooling systems and assuming impairment of 
the containment. 








to be used in 
Calculation 
Either worst weather 
existing at most 10% 
of time or Pasquill 
F condition if local 
data incomplete 
Either worst weather 
existing at most 10% 
of time or Pasquill 






















aFor the purpose of safety analysis the population dose 
is integrated from the station boundary out to a distance 
where the individual dose is 1% of the dose to an individual 
at the boundary. 
bFor other organs use 1/10 ICRP occupation values. 




1) A serious process system failure means any failure 
of process equipment or procedure which could lead 
to a significant release of radioactive material 
from the station in the absence of special safety 
system action. 1 A significant release is one which 
would result in individual or population doses in 
excess of those given in Table 1 for Class 1 failure. 
2) A Class 1 failure means a serious process failure 
with the following assumptions regarding performance 
of the special safety systems: 
i) Protective Shutdown System 1 operates 
as designed, the containment operates 
as designed and the emergency core 
cooling system operates as designed; or 
ii) Protective Shutdown System 2 operates 
as designed, the containment operates 
as designed and the emergency core 
cooling system operates as designed. 
3) A Class 2 failure means a serious process failure 
with the following assumptions regarding performance 
of the special safety systems : 
1The identification of those serious process system 
failures which must be considered in the design of the plant 
is outside the scope of the document. 
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i) Protective Shutdown System 1 operates as 
designed, the containment operates as 
designed and the emergency core cooling 
system is unavailable; or 
ii) Protective Shutdown System 2 operates as 
designed, the containment operates as 
designed and the emergency core cooling 
system is unavailable; or 
iii) Protective Shutdown System 1 operates as 
designed, the emergency core cooling 
system operates as designed and the contain-
. . . dl ment is impaire or 
iv) Protective Shutdown System 2 operates as 
designed, the emergency core cooling 
system operates as designed and the 
containment is impaired. 1 
1The identification of those modes of containment 
failure which must be considered in the design of the 
plant is outside the scope of this document. 
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9.3. CANDU-PHWR Electrical Service 
Power Systems 
As far as possible each reactor-turbine generator 
unit in the station has an independent service electrical 
system. Some interconnections exist such as at the 
high voltage bus and the connections to the standby power 
unit. 
Power for the station service electrical system is 
normally available from two sources. These are the unit 
station service transformer which is directly connected 
to the generator output, and the reserve station service 
transformer which is connected to the 230 kilovolt bus 
and through it to the 230 kilovolt system of Ontario 
Hydro. Both transformers are capable of supplying the 
total service electrical power requirements for a unit. 
During normal operation the load is divided equally between 
them. In the event of failure of either source of power, 
the load being supplied from one source will be automatically 
transferred by fast-closing stored-energy breakers to the 
alternate source. 
The maximum unit station service power requirement 
is estimated to be 40 MVA or about 6.5 per cent of the 
generator rating. Each unit station service consists of 
four classes o~ power , each with its own set of buses. 
These are listed in descending order of reliability. The 
19~ 
Class IV buses are supplied from the generator and 
transmission lines through the unit station service trans -
former and the reserve station service transformer. The 
Class III buses are normally suppl ied from Class IV buses, 
but in the event of failure of Class IV power they are 
supplied by the Class III standby power supply system. 
The Class II buses are normally supplied from Class III 
buses, but on failure of Class III power they are supplied, 
without break, from solid state convertors or motor generator 
sets operating on the station direct current supply. Class 
I power is the station direct current supply. It is 
normally fed through the Class II supply but, in the event 
of failure of the motor generator sets, would be supplied 
directly from the station battery. 
The preliminary station service arrangement illustrates 
the buses and switchgear for the 230 kV, 24 kV, 4.16 kV 
Class Iv and Class III, and the 600 volt Class IV, Class III 
and Class II, and the 250 volt de Class I systems. For 
each reactor unit each class of power is supplied by at 
least one pair of duplicate buses. Each load is connected 
to a class of bus which has a degree of reliability 
appropriate to the requirements of the load. The entire 
service electric system is arranged so that each bus is 
automatically connected to an alternate power source if 
its normal supply should fail. 
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9.3.1. Class IV power 
Class IV power is used to supply loads which can be 
interrupted without affecting the safety of the station. 
The major loads on the Class IV system are: the primary 
coolant circulating pumps and primary system feed pumps, 
boiler feed pumps, the condenser circulating water pumps 
and service water pumps, cooling fans and normal lighting. 
9.3.2. Class III power 
Class III power is used to supply loads which can be 
interrupted for one minute without affecting the safety 
of the station. The loads on Class III power include: 
standby water pumps, three moderator pumps, primary 
system standby cooling pumps and others. 
Class III power is supplied by a 4.16 kV ac standby 
power supply system. The power is generated by three gas 
turbine-generator units, each rated at 5 MWe at sUim11er 
temperatures, or up to 7 MWe under winter operating 
conditions. These units can be started, under automatic 
control, within one minute following the loss of Class IV 
power. The group of three standby gas turbine-generators 
provides the Class III power for two reactor units. The 
total arrangement thus includes six standby gas turbine-
generators. 
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For each reactor unit there is an independent Class 
III bus system consisting of two 4.16 kV buses, and two 
600 V buses. There are cross-connections between the two 
groups of Class III standby generators so that either 
group can provide standby power to any of the four reactor 
units of the station. 
9.3.3. Class II power 
Class II power is used to supply loads which must 
not be interrupted. The loads on Class II power include: 
the fueling machine water supply pumps and most of the 
instrumentation and control devices. 
9.3.4. Class I power 
Class I power is a 250 volt de supply. Loads on 
Class I power are: direct current instrument power and 
relays and motors for switchgear. 
The Class I power is normally supplied from the 
Class II bus system. Batteries which float on the 
Class I bus system constitute the ultimate Class I energy 
source. These batteries will have the capability of 
supplying the Class I power requirements and of providing 
the energy which will provide emergency Class II power for 
a minimum of 15 minutes. 
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10. APPENDIX B: 
PREP AND KITT COMPUTER CODES 
The PREP computer program package is designed for use 
as a preprocessor for the KITT computer programs (Section 
10.3). The PREP programs find the minimal cut sets and/ 
or the minimal path sets from the system's fault tree, 
and output them in a format compatible for use with 
KITT. 
The programs are written in Frotran IV for the IBM 
360/75 computer, and are capable of finding the minimal cut 
and path sets for fault trees with up to 2000 components 
and up to 2000 logical gates. The system's minimal cut 
sets may be obtained by either deterministic testing or 
Monte Carlo simulation. The system's minimal path sets are 
found by Monte Carlo simulation. 
The input formats have been designed to make the 
description of the system fault tree to the programs 
natural for the engineer familiar with standard fault 
tree terminology. Extensive error checking is done on 
the input to reduce the chance of obtaining erroneous 
information from the programs. 
In order to obtain reliability information about a 
system from the PREP and KITT programs, the defined failed 
state of the system must first be described in terms of 
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possible combinations of defined component failed states. 
This is done by means of a schematic device called a 
fault tree. A fault tree represents a system failed state 
by means of the logical relationships between the individ-
ual component failed states of the system. 
10.J.. Description of the PREP Code 
The PREP program is designed for use as a pre-
processor for the KITT programs. The PREP programs find 
the minimal cut sets and/or the minimal path sets from 
the system's fault tree, and output them in format compati-
ble for use with KITT. 
The programs are written in Fortran IV for the IBM 
360/75 computer, and are capable of finding the minimal 
cut and path sets for fault trees with up to 2000 components 
and up to 2000 logical gates. The PREP minimal cut sets 
may be obtained by either deterministic testing or Monte 
Carlo simulation. The system's minimal path sets are 
found by Monte Carlo simulation. The code is composed 
of two sections: TREBIL which reads the input and 
generates the log ical equivalent of the fault tree and 
MINSET which obtains the minimal cut or path sets of the 
fault tree. 
The TREBIL progr am is designed to accept a de s crip-
tion of the system fault tree in a format which is 
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natural for the engineer, and to generate a logical 
equivalent of that fault tree. 
One card is read in for each logical gate in the 
fault tree. The card contains the name of the gate, 
the type of the gate ("AND" or "OR"), the number and 
names of the other gates which are attached to it, and 
the number and names of components which are attached 
to it. Since TREBIL is designed to accept only "AND" 
gates and "OR" gates as input, other types of gates 
must be described in terms of these simple gate types. 
Figure 5.5. shows the logical subroutine TREE 
generated by TREBLE. Each component is internally indexed 
by TREBIL, and is treated as an element in a FORTRAN 
logical array (called "X"). Similarly, each gate is 
indexed and treated as an element in another FORTRAN 
logical array (called "A"). 
The MINSET program determines the minimal cut or 
path sets of the fault tree. The MINSET program allows 
minimal cut sets to be found by either deterministic 
testing or by Monte Carlo simulation. Minimal path sets 
must be found by Monte Carlo simulation. 
In deterministic testing (COMBO), each component 
is first failed individually to obtain the one component 
minimal cut sets. Next, every possible combination of 
two components are failed to obtain the two component 
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minimal cut sets. The algorithm proceeds in this 
manner until minimal cut sets are obtained having n 
components where n is specified by the user. 
Deterministic testing is the most reliable method 
for obtaining minimal cut sets since it is theoretically 
possible to test all possible combination of components. 
In order to use COMBO, the starting (MIN) and ending 
(MAX) values for the number of components in the minimal 
cut sets must be specified. If the minimum number 
specified is 0 (or left blank), then Monte Carlo simula-
tion is used. The maximum number of components allowed 
by the program is 10 (MAX 2 10). 
In the Monte Carlo simulation (FATE), failures of 
the components are chosen according to their failure 
distributions and TREE tested for a system failure. If 
a failure has occurred, then the set of components, 
which are failed, is stored to obtain the minimal cut 
set. Once the minimal cut set has been found, it is 
checked against all previously found minimal cut sets 
to eliminate duplicates. This procedure is called a 
1onte Carlo trial. An input switch (INDEXI) is provided 
which cause the program to search for a minimal path 
set on any trial which does not result in system failure. 
The probability of a failure before time t for a 
component is computed by the exponential distribution. 
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If this probability of a failure before time Tis p(t), 
then 
p(T) = 1 - exp(- AT) 
where 
A is the failure intensity (per hour) for the 
particular component and T is the time in 
hours. 
10.2 PREP Code Input Data 
The input to TREBIL consists of the three input 
groups: 
1. Control information 
2. The fault tree description 
3. The failure and repair data for the components 
The total input deck has the following format: 
1. TITLE CARD 
2. {COMMENTS CARDS } 
3. * b DATA (b - blank column) 
4. {CONTROL PARAMETERS } 
5. END 
6. {COMMENTS CARDS } 
7 ... ,._ b TREE 
8. {FAULT TREE DESCRIPTION } 
9. END 
10. {COMMENTS CARDS } 
11 . -,1.; b RATES 
------~--------------- -"- "-""" ___ --
206 
12. {FAILURE AND REPAIR DATA } 
13. END 
10.2.1. Input group 1 
Input Group 1 consists of the control parameters 
and switches that determine the flow through MINSET, 
and determine the type of output obtained. The variables 
for Input Group 1 are input on two cards. Table 10.1. 
contains a brief description of the contents of Input 
Group 1 along with its format. 
10.2.2. Input group 2 
Information required for Input Group 2 is the name 
of each gate in the fault tree, its type, the number 
of inputs to it, and the names of its inputs. The 
information is supplied one gate per card. The input 
format for Input Group 2 is given in Table 10.2. 
10.2.3. Input group 3 
Information required for Input Group 3 are a failure 
intensity for each component, repair data for each 
component, and inhibit failure probabilities. Table 
10.3. contains a brief description of the contents 










































































































































































































































































































































































































































































































































































































Table 10.2. Input group 2 (format for each input card) 
Inputs Card Columns 
1 Gate name (any 8 alphanumeric characters) 1- 8 
2 Blank 9 
3 Gate type ( " AND" or "OR") 10-12 
4 Blank 13 
5 Number of gate inputs 14- 15 
6 Number of component inputs 16-17 
7 First input name 19 - 26 
8 Blank 27 
etc. 













rth component name 
rth component failure intensity (per 
106 hour) or inhibit, switch indicator 
rth component repair time 
1th component name 
1th component failure intensity (per 
106 hour) or inhibit, switch indicator 










40 - 41 
42-51 
The Format for Input Group 3 is (2[A8, 2x, Fl0.6, Fl0.3, lx]) 
209 
10.3. Description of the KITT Codes 
The KITT codes consist of two sections: KITT-one 
and KITT-two. KITT-one can handle components which are 
nonre-oairable or which have a constant reoair time t . 
The failure intensity ( A) of each component is assumed 
to be constant with respect to time (i.e., exponential 
failure distributions are only considered). As in 
kinetic Tree Theory, the components are assumed indepen-
dent. Further, all the components are assumed to be 
in their operating state at t = 0. KITT-one is a single 
phase component code; each component may have only one 
failure intensity A and one repair time t for all 
operation time. 
Besides the A and t for each component, KITT-one 
requires as input either the unique minimal cut sets of 
the fault tree or the unique minimal path sets of the 
fault tree. 
For each component of the fault tree, KITT-one 




f w(t)dt : 
0 
the probability that the component 
is in its failed state at time t 
the expected number of failures the 
component will suffer per unit time 
at time t 
the expected number of failures the 
component will suffer during the time 
interval from 0 to t 
210 
1-exp(- At): the probability that the component 
will suffer one or more failures 
during the time intervals from 0 to t 
KITT-two is essentially identical to KITT-one with 
regard to input and output. The difference between 
KITT-one and KITT-two is the type of component failure 
and repair distributions which can be handled. KITT- one 
can handle components which have constant repair time 
(t) or which are nonrepairable and which have constant 
failure intensities ( A). Moreover, KITT-one is a single 
phase code; each component must have only one value of 
t and one value of A for all time (or the component must 
be nonrepairable for all time). KITT- two can also handle 
components which have constant repair time, or which are 
nonrepairable, and which have constant failure intensities. 
However, KITT-two is a multiphase code. The component 
during different time intervals, called "phase," may have 
different reliability properties. 
The input data for KITT-one are g iven in Table 10.4. 
211 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































11. APPENDIX C: 
KITT PROGRAM OUTPUT RESULTS 
Tables are given here for quick translation of the 
KITT-1 output. Table 11.1 gives information concerning the 
component. Table 11.2 gives information concerning the 
minimal cut set. Table 11.3 gives information concerning 
the system-upper bound. 
Table 11 . 1. Key to component and inhibit information 
Program 
output Information 
T (hours) t, time (in hours) 
Q q(t), the component failed probability 
W w(t), the component failure rate (uer hour) 




f w(t')dt', the expected number of failures to 
0 time t 
1-exp(- At), the probability of one or more 
failures to time t 
217 
Table 11.2. Key to minimal cut sets information 
Program 
output Information 
T (hours) t, time (in hours) 
Q Q' (t), the minimal cut set failed probability 




(t), the minimal cut set failure intensity 
(per hour) 
t 
J W' (t)dt', the expected number of failures to 
0 time t 
t 
1-exp[-J A' (t')dt'], the probability of one or 

































































































































































































































































































































"" 1--' 00 
219 
11.1. Fueling Machine Failure Computations 
. . 
. . . . 




' > .. 
"' z 
220 






oo, , oo ~ · o~o~o~o~04~ NOONOO • ONNNNO~ . . . . . . . . . . . . . . . . . . . .... 
"~ -- ~"--N•-~-"-" - " ---- N •- N • N ~---- ~" 
"' ~~ ~~~~~~~~,....·~~~-·~~~~~=~•=~ · ~,....mccc~~ zoooo ooooooooooooooooooooooooooooooo 






c •••••••••••••••••••••• • • • • 





"' r CU..Jaaa..J~QV~<~' ~C~ 4~ aO~CJ>C'tt_;•~ 
ZN~N~----- - ~~~N ----~"• NN~ ---· cooooooo>>oooooooooooc.coco~> 
~oooooooo~xo eoooooooooo>oo>o x 
z c o J J o o j ..J o. a. a. c x ~ a a. r 7 ..J ..J J ..J u o. _, v 4 a. 
~ ~ 0. Q. ~ ~ Q. c > > 1 1 c c % 2 c 0 Q. Q. Q Q. > % Q. > % > 
z~~o.a~~a.~%%Q.~%XQ.Q.% % Q Q VQC.VQ.% 





• tlJ ,. c ~ C1 
>OC· OOO~ 
% 0 O G Cl > C 
_J _, 4 ..J v _, 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































5 5 s 5 s s 5 s 5 s s 5 s 5 5 s 5 s s 5 5 s 5 !i
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